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SUMMARY
I n  t h i s  t h e s i s ,  t h e  s p e c t r a l  p o w e r  d i s t r i b u t i o n  o f  
d a y l i g h t  i s  i n v e s t i g a t e d  t h e o r e t i c a l l y ,  by  c a l c u l a t i o n s  
o n  t h e  s c a t t e r i n g  o f  l i g h t  i n  a m o d e l  a t m o s p h e r e ,  a n d  
e x p e r i m e n t a l l y ,  by  t h e  a n a l y s i s  o f  m e a s u r e d  d a y l i g h t  
s p e c t r a .
The  s t u d y  b e g i n s  w i t h  a b r i e f  d i s c u s s i o n  on  t h e  
s t r u c t u r e  o f  t h e  s u n ,  t h e  e x t r a t e r r e s t r i a l  s o l a r  s p e c t r u m ,  
a n d  t h o s e  c o n s t i t u e n t s  o f  t h e  e a r t h ’ s a t m o s p h e r e  w h i c h  
a f f e c t  t h e  s p e c t r u m  o f  d a y l i g h t ;  a c o m p r e h e n s i v e  r e v i e w  
o f  t h e  a t m o s p h e r i c  a e r o s o l  i s  i n c l u d e d .
T h e  t h e o r y  o f  t h e  s i n g l e  s c a t t e r i n g  o f  l i g h t  b y  a i r
m o l e c u l e s  a n d  a e r o s o l  p a r t i c l e s  i s  p r e s e n t e d ,  a n d  s ome  o f  
t h e  c o m p u t e r  p r o g r a m s  w h i c h  w e r e  w r i t t e n  t o  e v a l u a t e  t h e  
s c a t t e r i n g  p a r a m e t e r s  o f  a e r o s o l  p a r t i c l e s  a r e  l i s t e d .
The  s p e c t r a l  p o w e r  d i s t r i b u t i o n s  o f  d i r e c t  s u n l i g h t ,  f o r  
a  r a n g e  o f  s o l a r  z e n i t h  a n g l e s ,  a n d  s k y l i g h t ,  f o r  t h e
z e n i t h  s u n  o n l y ,  a r e  c a l c u l a t e d  by  c o m b i n i n g  t h e
e x t r a t e r r e s t r i a l  s o l a r  i r r a d i a n c e  w i t h  a m o d e l  a t m o s p h e r e  
w h i c h  c o n t a i n s  a i r  m o l e c u l e s ,  a e r o s o l  p a r t i c l e s  a n d  o z o n e .  
The  e f f e c t  o f  v a r i a t i o n s  i n  t h e  a e r o s o l  c o n t e n t  a n d  t h e
o z o n e  c o n t e n t  o f  t h e  a t m o s p h e r e  a r e  i n v e s t i g a t e d .
D a y l i g h t  s p e c t r a ,  w h i c h  w e r e  m e a s u r e d  u n d e r  v a r i o u s  
a t m o s p h e r i c  c o n d i t i o n s ,  a r e  a n a l y s e d ;  v a r i a t i o n s  i n  t h e  
s p e c t r u m  d u e  t o  c h a n g e s  i n  t h e  s o l a r  z e n i t h  a n g l e ,  t h e  
d i s t r i b u t i o n  a n d  a m o u n t  o f  c l o u d ,  a n d  t h e  o z o n e  c o n t e n t  
o f  t h e  a t m o s p h e r e  a r e  e x a m i n e d ,  w i t h  p a r t i c u l a r  r e f e r e n c e
t o  t h e  u l t r a v i o l e t  r e g i o n .  E m p i r i c a l  r e l a t i o n s  b e t w e e n
t h e  r e l a t i v e  p o w e r  a n d  t h e  s o l a r  z e n i t h  a n g l e ,  a n d  
b e t w e e n  t h e  p r o p o r t i o n  o f  u l t r a v i o l e t  r a d i a t i o n  i n  t h e  
s p e c t r u m  a n d  i t s  c o r r e l a t e d  c o l o u r  t e m p e r a t u r e  a r e  
p r e s e n t e d .  Mean s p e c t r a  a r e  d e r i v e d  a n d  a r e  c o m p a r e d  
w i t h  t h e  CIE s t a n d a r d  d a y l i g h t s  D^SOO a n d ^ 5 5 0 0 * 
t h e  p o s s i b i l i t y  o f  l o n g - t e r m  v a r i a t i o n s  i n  t h e  s p e c t r u m  
o f  d a y l i g h t  i s  i n v e s t i g a t e d  by  c o m p a r i n g  r e c e n t  s p e c t r a  
w i t h  t h o s e  m e a s u r e d  10 y e a r s  e a r l i e r .
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1.  INTRODUCTION
D a y l i g h t  i s  t h e  s o l a r  r a d i a t i o n  w h i c h  r e a c h e s  t h e  
s u r f a c e  o f  t h e  e a r t h  a f t e r ,  p a s s i n g  t h r o u g h  t h e  
a t m o s p h e r e ;  some o f  t h e  r a d i a t i o n  i s  s c a t t e r e d  o r  
a b s o r b e d  by  a i r  m o l e c u l e s ,  d u s t  p a r t i c l e s  ( t h e  
a t m o s p h e r i c  a e r o s o l )  a n d  c l o u d  d r o p l e t s .  The  c h a n g e s  i n  
t h e  d u s t  c o n t e n t  o f  t h e  a t m o s p h e r e ,  a n d  i n  t h e  a m o u n t  
a n d  t y p e  o f  c l o u d  p r o d u c e  a w i d e  v a r i a t i o n  i n  t h e  
s p e c t r a l  c o m p o s i t i o n  a n d  c o l o u r  o f  d a y l i g h t ,  r a n g i n g  
f r o m  b r i g h t  s u n l i g h t  a n d  a b l u e  s k y ,  t o  t h e  d u l l  
o v e r c a s t  s k y  a n d  t h e  p u r p l e  h u e s  o f  t w i l i g h t .  D a y l i g h t  
h a s  two  c o m p o n e n t s ;  t h e  l i g h t  w h i c h  comes  f r o m  t h e  
d i r e c t i o n  o f  t h e  s u n ’ s d i s c  i s  c a l l e d  d i r e c t  s u n l i g h t ,  
a n d  t h e  l i g h t  f r o m  a l l  o t h e r  d i r e c t i o n s ,  i . e .  f r o m  t h e  
s k y  a n d  c l o u d s ,  i s  r e f e r r e d  t o  a s  s k y l i g h t .  The  t o t a l  
d a y l i g h t  i s  t h e  sum o f  t h e s e  c o m p o n e n t s  a n d  i s  c a l l e d  
g l o b a l  r a d i a t i o n ;  t h u s
G l o b a l  R a d i a t i - o n  = D i r e c t  S u n l i g h t  + S k y l i g h t .
I n  a s c i e n t i f i c  c o n t e x t ,  t h e  t e r m  " d a y l i g h t "  i s  
s o m e w h a t  m i s l e a d i n g  b e c a u s e  i t  i s  a p p l i e d  t o  t h e  300 -  
8 0 0  nm w a v e l e n g t h  s p e c t r a l  r e g i o n ,  w h i c h  i n c l u d e s  n o t  
o n l y  l i g h t  ( 3 8 0  -  780 n m ) , b u t  a l s o  n e a r - u l t r a v i o l e t  
r a d i a t i o n  a t  w a v e l e n g t h s  f r o m  380 nm t o  a r o u n d  300  nm.  
The s h o r t - w a v e  l e n g t h  l i m i t  o f  t h e  d a y l i g h t  s p e c t r u m  i s  
d e f i n e d  a s  t h e  mi n i mu m w a v e l e n g t h  a t  w h i c h  r a d i a t i o n  c a n  
b e  d e t e c t e d .  A t  s e a  l e v e l ,  t h e  m i n i mu m w a v e l e n g t h  
n o r m a l l y  l i e s  b e t w e e n  2 9 0  nm a n d  310 nm,  a l t h o u g h  i t  may 
r e a c h  330 nm when  t h e  s u n  i s  v e r y  l o w  i n  t h e  s k y  a n d  t h e  
a t m o s p h e r e  i s  h a z y ;  300- nm i s  u s u a l l y  t a k e n  a s  a  me a n  
v a l u e .
The  t o t a l  s o l a r  r a d i a t i o n  f a l l i n g  a t  n o r m a l  
i n c i d e n c e  on t h e  t o p  o f  t h e  a t m o s p h e r e  i s  a p p r o x i m a t e l y
C - 2  . - 2  . . .1 . 3 p  kW.m , o f  w h i c h  0 . 8 4  kW.m i s  c o n t a i n e d  w i t h i n  
t h e  d a y l i g h t  s p e c t r a l  r a n g e  ( 3 0 0  - 8 0 0  n m ) ; u n d e r  t h e  
m o s t  f a v o u r a b l e  c o n d i t i o n s  ( c l o u d l e s s  s k y ,  o v e r h e a d  s u n )  
70% o f  t h i s  p o w e r  may r e a c h  t h e  g r o u n d  a s  d i r e c t  
s u n l i g h t  a n d  s k y l i g h t .
D a y l i g h t  i s  e s s e n t i a l  t o  a n i m a l  a n d  p l a n t  l i f e ;  t h e  
t o t a l  a m o u n t  o f  l i g h t  i s  i m p o r t a n t ,  a n d  s o  i s  i t s  
s p e c t r a l  p o w e r  d i s t r i b u t i o n  ( S P D ) ,  i . e .  t h e  i n t e n s i t y  o f  
r a d i a t i o n  a t  d i f f e r e n t  w a v e l e n g t h s .  P l a n t s  a r e  
p a r t i c u l a r l y  d e p e n d e n t  on t h e  SPD o f  d a y l i g h t ,  b e c a u s e  
t h e y  a b s o r b  l i g h t  i n  t h e  400  -  740 nm s p e c t r a l  r e g i o n  
d u r i n g  p h o t o s y n t h e s i s , when  c a r b o n  d i o x i d e  i s  r e m o v e d  
f r o m  t h e  a t m o s p h e r e  a n d  o x y g e n  i s  r e l e a s e d .  The  r a t e  o f  
t h e  p h o t o s y n t h e t i c  r e a c t i o n  r e a c h e s  a maximum w h e n  t h e  
w a v e l e n g t h  (A) o f  t h e  i n c i d e n t  l i g h t  i s  a r o u n d  6 5 0  nm;  
t h e r e  i s  a s m a l l e r  maximum a t  A = 440 nm,  a n d  a  b r o a d  
mi n i mu m a t  i n t e r m e d i a t e  w a v e l e n g t h s  w h e r e  c h l o r o p h y l l  
r e f l e c t s  g r e e n  l i g h t .  Some p l a n t s  d e p e n d  u p o n  t h e  
r e a c t i o n s  o f  t h e  p r o t e i n  p i g m e n t  p h y t o c h r o m e ,  a n d  t h i s  
a b s o r b s  l i g h t  o f  6 9 0  -  770 nm w a v e l e n g t h s .
The p h y s i o l o g i c a l  e f f e c t  o f  d a y l i g h t  on  a n i m a l s  
r e s u l t s  m a i n l y  f r o m  t h e  a b s o r p t i o n  o f  u l t r a v i o l e t  
r a d i a t i o n ,  w h i c h  i s  t h o u g h t  t o  b e  i m p o r t a n t  i n  
m a i n t a i n i n g  a n i m a l  h e a l t h ,  a l t h o u g h  i t  may n o t  b e  a s  
b e n e f i c i a l  t o  human  b e i n g s .  I n  ma n ,  t h e  p r e c i s e  e f f e c t s  
o f  u l t r a v i o l e t  r a d i a t i o n  d e p e n d  on t h e  w a v e l e n g t h s  
a b s o r b e d ;  o n e  r e s u l t  i s  t h a t  c h o l e s t e r o l  i n  t h e  s k i n  i s  
c o n v e r t e d  i n t o  v i t a m i n  D. U l t r a v i o l e t  r a d i a t i o n  a t
w a v e l e n g t h s  b e t w e e n  300 nm a n d  t h e  b l u e  r e g i o n  o f  t h e  
s p e c t r u m  c a u s e s  a n  i m m e d i a t e  t e m p o r a r y  t a n n i n g  o f  t h e  
s k i n ,  w i t h  t h e  maximum e f f e c t  a t  350  nm.  The  a b s o r p t i o n  
o f  r a d i a t i o n  i n  t h e  2 8 0  -  315 nm r e g i o n  p r o d u c e s  a 
r e d d e n i n g  o f  t h e  s k i n  ( e r y t h e m a ) ,  f o r  w h i c h  t h e  m o s t  
e f f e c t i v e  w a v e l e n g t h s  a r e  a r o u n d  2 9 0  nm;  t h i s  i s . o f t e n  
f o l l o w e d  by  a  s l o w l y  d e v e l o p i n g  t a n  c a u s e d  by  t h e  
p r o d u c t i o n  o f  t h e  d a r k  p i g m e n t  m e l a n i n .  E x c e s s i v e  
e x p o s u r e  t o  u l t r a v i o l e t  r a d i a t i o n  i s  h a r m f u l ;  e r y t h e m i c  
w a v e l e n g t h s  c a n  a f f e c t  t h e  e y e s ,  p r o d u c i n g  
c o n j u n c t i v i t i s ,  a n d  t h e r e  i s  some e v i d e n c e  t h a t  
w a v e l e n g t h s  s h o r t e r  t h a n  300 nm may c a u s e  s k i n  c a n c e r .
D a y l i g h t i  s a d i r e c t  r e s u l t o f  t h e i n t e  r a c t i o n
b e t w e e n  s o l a r r a d i a t i o n  a n d  t h e c o n s  t i  t u e n t s  o f t h e
a tmo s p h e r e ;  t h us  , a n y  v a r i a t i o n s i n  t h e op t i  c a l
p r o p e r t i e s  o f t h e a t m o s p h e r e  w i l l  p r o d u c e a c h a n ge i n
t h e i n t e n s  i  t y a n d s p e c t r a l  d i s t r i b  u t i o n o f d a y  l i g h t  a
t h e e a r t h  1s s u r f  a c e , w i t h  p o s s i b l y  h a r m f u l e f  f  e c t s  on
t h e  a n i m a l  a n d  p l a n t  l i f e .
Two p a r t i c u l a r  a s p e c t s  o f  t h e  m o d i f i c a t i o n  o f  t h e  
a t m o s p h e r e  a r e  c u r r e n t l y  c a u s i n g  c o n c e r n .  The  f i r s t  
i n v o l v e s  d e p l e t i o n  o f  t h e  a t m o s p h e r i c  o z o n e  l a y e r ;  t h i s  
l a y e r  e x t e n d s  f r o m  a b o u t  12 km t o  40 km a l t i t u d e ,  a n d  
t h e  o z o n e  c o n c e n t r a t i o n  r e a c h e s  a maximum a r o u n d  20 km.  
Ozone  s t r o n g l y  a b s o r b s  r a d i a t i o n  a t  w a v e l e n g t h s  s h o r t e r  
t h a n  330 nm,  a n d  t h u s  p r o t e c t s  t h e  s u r f a c e  o f  t h e  e a r t h  
f r o m  h a r m f u l  u l t r a v i o l e t  r a d i a t i o n .  I t  h a s  b e e n  
s u g g e s t e d  t h a t  t h e  o z o n e  l a y e r  i s  b e i n g  d e s t r o y e d  by  
r e a c t i o n s  w i t h  t h e  e x h a u s t  p r o d u c t s  o f  h i g h  a l t i t u d e
a i r c r a f t  l i k e  C o n c o r d ,  a n d  w i t h  c h l o r i n e  w h i c h  i s  
r e l e a s e d  b y  t h e  p h o t o d i s s o c i a t i o n  i n  t h e  u p p e r  
a t m o s p h e r e  o f  t h e  f l u o r o c a r b o n  p r o p e l l a n t s  u s e d  i n  t h e  
s o - c a l l e d  " a e r o s o l ” s p r a y s .  The s e c o n d  p r o b l e m  a r i s e s  
f r o m  t h e  i n c r e a s e d  a m o u n t  o f  d u s t  a n d  o t h e r  p a r t i c u l a t e  
m a t t e r  w h i c h  i s  p r e s e n t  i n  t h e  a t m o s p h e r e ;  t h i s  r e s u l t s  
f r o m  i n d u s t r i a l  a c t i v i t y  a n d ,  p a r t i c u l a r l y  i n  t h e  u p p e r  
a t m o s p h e r e ,  f r o m  t h e  e x h a u s t  p r o d u c t s  o f  a i r c r a f t .  The  
a m o u n t  o f  r a d i a t i o n  w h i c h  i s  a b s o r b e d  i n  t h e  a t m o s p h e r e  
o r  s c a t t e r e d  b a c k  i n t o  s p a c e  d e p e n d s  on t h e  o p t i c a l  
p r o p e r t i e s  a n d  t h e  v e r t i c a l  d i s t r i b u t i o n  o f  t h e s e  
p a r t i c l e s ;  a n y  d i s t u r b a n c e  o f  t h e  d e l i c a t e  r a d i a t i o n  
e q u i l i b r i u m  ' b e t w e e n  t h e  e a r t h  a n d  t h e  a t m o s p h e r e  may 
p r o d u c e  a n e t  h e a t i n g  o r  c o o l i n g  e f f e c t ,  a n d  m a n k i n d  
w i l l  e i t h e r  f r e e z e  t o  d e a t h  i n  a new i c e  a g e ,  o r  d r o wn  
i n  w a t e r  f r o m  t h e  m e l t e d  p o l a r  i c e  c a p s .  The 
c o r r e s p o n d i n g  e f f e c t s  on  v i s i b l e  a n d  n e a r - u l t r a v i o l e t  
r a d i a t i o n  w i l l  b e  a d e c r e a s e  i n  t h e  t o t a l  i n t e n s i t y  o f  
• d a y l i g h t ,  a n d  a  c h a n g e  i n  i t s  s p e c t r a l  p o w e r  
d i s t r i b u t i o n ,  w h i c h  may l e a d  t o  a r e d u c t i o n  i n  t h e  r a t e  
o f  g r o w t h  o f  p l a n t s .
T h e r e  a r e  a v a r i e t y  o f  r e a s o n s  f o r  t h e  s t u d y  o f  
d a y l i g h t ,  some o f  w h i c h  h a v e  a l r e a d y  b e e n  m e n t i o n e d .  
F r e q u e n t  m e a s u r e m e n t s  o f  t h e  SPD a r e  n e c e s s a r y  i n  o r d e r  
t o  m o n i t o r  t h e  e f f e c t s  o f  p o l l u t i o n ,  e s p e c i a l l y  i n  t h e  
u l t r a v i o l e t  r e g i o n ;  t h e o r e t i c a l  i n v e s t i g a t i o n s  o f  t h e  
t r a n s m i s s i o n  a n d  s c a t t e r i n g  o f  l i g h t  i n  t h e  a t m o s p h e r e  
a r e  e s s e n t i a l  s o  t h a t  t h e  f u t u r e  e f f e c t s  o f  p o l l u t i o n  
c a n  b e  a c c u r a t e l y  p r e d i c t e d .  A n o t h e r  a r e a  o f  r e s e a r c h
i n v o l v e s  t h e  m e a s u r e m e n t  a n d  a n a l y s i s  o f  l a r g e  n u m b e r s  
o f  d a y l i g h t  s p e c t r a  i n  o r d e r  t o  e s t a b l i s h  s p e c t r a l  p o w e r  
d i s t r i b u t i o n s  f o r  " s t a n d a r d "  o r  a v e r a g e  d a y l i g h t ;  t h i s  
i s  m a i n l y  o f  i n t e r e s t  t o  w o r k e r s  who a r e  c o n c e r n e d  w i t h  
l i g h t i n g  a n d  c o l o u r .
The  w o r k  d e s c r i b e d  i n  t h i s  t h e s i s  c a n  b e  d i v i d e d  
i n t o  two  p a r t s :
( a )  T h e o r e t i c a l  s t u d i e s :  The e f f e c t  o f  a t m o s p h e r i c  
a e r o s o l  p a r t i c l e s  on t h e  s p e c t r u m  o f  d a y l i g h t  
i s  i n v e s t i g a t e d  by  m e a n s  o f  c a l c u l a t i o n s  b a s e d  
on a  s i n g l e - s c a t t e r i n g  a p p r o x i m a t i o n  t o  t h e  
R a d i a t i v e  T r a n s f e r  t h e o r y ;  t h e  v a l i d i t y  o f  t h i s  
a p p r o x i m a t i o n  i s  e x a m i n e d  by  c o m p a r i n g  t h e s e  
r e s u l t s  w i t h  m e a s u r e d  - s p e c t r a  a n d  w i t h  t h e  
v a l u e s  o b t a i n e d  by  t h e  u s e  o f  mo r e  e x a c t  
s c a t t e r i n g  t h e o r i e s .  V a r i a t i o n s  i n  t h e  i n t e n s i t y  
o f  u l t r a v i o l e t  r a d i a t i o n  r e a c h i n g  t h e  g r o u n d  d u e  
t o  c h a n g e s  i n  t h e  o z o n e  c o n t e n t  o f  t h e  a t m o s p h e r e  
a r e  a l s o  c o n s i d e r e d .
( b )  M e a s u r e m e n t s :  A l a r g e  n u m b e r  o f  d a y l i g h t  
s p e c t r a ,  w h i c h  w e r e  m e a s u r e d  a t  d i f f e r e n t  t i m e s  
o f  t h e  day  a n d  u n d e r  a v a r i e t y  o f  m e t e o r o l o g i c a l  
c o n d i t i o n s ,  a r e  a n a l y s e d  i n  o r d e r  t o  d i s c o v e r  
t h o s e  v a r i a b l e  f a c t o r s  w h i c h  a f f e c t  t h e  SPD i n  
g e n e r a l ,  a n d  t h e  p r o p o r t i o n  o f  u l t r a v i o l e t  
r a d i a t i o n  i n  p a r t i c u l a r .  T h e s e  m e a s u r e d  s p e c t r a  
a r e  c o m p a r e d  w i t h  c u r r e n t  s p e c t r a l  d i s t r i b u t i o n s  
f o r  s t a n d a r d  d a y l i g h t  i n  an  a t t e m p t  t o  r e s o l v e  
t h e  d i f f e r e n c e s  w h i c h  h a v e  b e e n  f o u n d  b e t w e e n
t h e  a m o u n t s  o f  u l t r a v i o l e t  r a d i a t i o n  i n  
m e a s u r e d  a n d  s t a n d a r d  d a y l i g h t .  By c o m p a r i n g  
r e c e n t  d a y l i g h t  s p e c t r a  w i t h  t h o s e  m e a s u r e d  
p r e v i o u s l y ,  i t  may b e  p o s s i b l e  t o  d e t e c t  
c h a n g e s  i n  t h e  SPD w h i c h  c a n  b e  a t t r i b u t e d  t o  
t h e  i n c r e a s e  i n  a t m o s p h e r i c  p o l l u t i o n  d u r i n g  
t h e  p a s t  f e w  y e a r s .
The c o n t e n t s  o f  t h e  t h e s i s  a r e  a r r a n g e d  a s  f o l l o w s :  
S e c t i o n  2 c o n t a i n s  a s h o r t  d e s c r i p t i o n  o f  t h e  s t r u c t u r e  
o f  t h e  s u n  a n d  t h e  s o l a r  s p e c t r u m .  T h i s  i s  f o l l o w e d ,  i n  
s e c t i o n s  3 a n d  4 ,  b y  a r e v i e w  o f  t h e  s t r u c t u r e  o f  t h e  
e a r t h ' s  a t m o s p h e r e  a n d  t h o s e  p r o p e r t i e s  o f  t h e  a t m o s p h e r e  
w h i c h  a r e  i m p o r t a n t  i n  t h e  s t u d y  o f  d a y l i g h t .  S e c t i o n  5 
c o n t a i n s  a v e r y  b r i e f  a c c o u n t  o f  a b s o r p t i o n  i n  t h e  
d a y l i g h t  s p e c t r a l  r a n g e  due  t o  a t m o s p h e r i c  g a s e s .  The 
t h e o r y  o f  t h e  s i n g l e  s c a t t e r i n g  o f  l i g h t  by  a i r  m o l e c u l e s  
a n d  a t m o s p h e r i c  d u s t  p a r t i c l e s  i s  o u t l i n e d  i n  s e c t i o n  6 .  
C o m p u t e r  p r o g r a m s  f o r  c a l c u l a t i n g  t h e  l i g h t - s c a t t e r i n g  
p r o p e r t i e s  o f  d u s t  p a r t i c l e s  a r e  p r e s e n t e d  i n  s e c t i o n  7.  
S e c t i o n s  8 a n d  9 a r e  c o n c e r n e d  w i t h  t h e  t h e o r e t i c a l  
s t u d i e s  w h i c h  w e r e  d e s c r i b e d  a b o v e ,  i n  p a r a g r a p h  ( a ) .
The m e a s u r e m e n t s  a n d  t h e i r  a n a l y s i s  ( p a r a g r a p h  ( b ) )  a r e  
d i s c u s s e d  i n  s e c t i o n  10 .  The  c o n c l u s i o n s  a r i s i n g  f r o m  
a l l  o f  t h e s e  s t u d i e s  a r e  s u m m a r i s e d  i n  s e c t i o n  1 1 .
2 • • THE SUN
The s u n  i s  t h e  m a i n  s o u r c e  o f  a l l  r a d i a t i o n  
r e a c h i n g  t h e  e a r t h ,  a n d  i t  i s  t h e  l o g i c a l  s u b j e c t  on 
w h i c h  t o  s t a r t  a d i s c u s s i o n  o f  d a y l i g h t .  I n  t h i s  
c o n t e x t ,  t h e  s p e c t r u m  o f  s u n l i g h t  i s  mor e  i m p o r t a n t  
t h a n  t h e  p r o c e s s e s  by  w h i c h  s o l a r  r a d i a t i o n  i s  
g e n e r a t e d ;  t h e  f o l l o w i n g  a c c o u n t  i s  c o r r e s p o n d i n g l y  
b r i e f .  A d e t a i l e d  d e s c r i p t i o n  o f  s o l a r  p h y s i c s  c a n  b e  
f o u n d  i n  t h e  r e c e n t  ( 1 9 7 3 )  b o o k  by  Gibson '* ' .
A l l  i n f o r m a t i o n  r e l a t i n g  t o  t h e  s o l a r  i n t e r i o r  i s  
b a s e d  on t h e o r e t i c a l  c o n s i d e r a t i o n s  b e c a u s e  t h e  i n n e r  
r e g i o n s  c a n n o t  be  o b s e r v e d ;  c o n s e q u e n t l y ,  d i s c r e p a n c i e s  
w i l l  b e  f o u n d  b e t w e e n  t h e  n u m e r i c a l  v a l u e s  q u o t e d  by  
d i f f e r e n t  a u t h o r s .
2 ' 1 p h y s i c a l  DESCRIPTION
The s u n  i s  a q u i t e  o r d i n a r y  s m a l l  s t a r  o f  s p e c t r a l  
t y p e  G2V; i t  i s  n e a r l y  s p h e r i c a l ,  a n d  h a s  t h e  f o l l o w i n g  
p h y s i c a l  c h a r a c t e r i s t i c s :
Mas s 1 . 9 9 0
oCOox k g
E q u a t o r i a l  D i a m e t e r 1.  392 x 1 0 6 km
Mean D e n s i t y
-  3
1 . 4 g .  cm
I n  t h e  c e n t r a l  c o r e  o f  t h e  s u n ,  a t  a t e m p e r a t u r e  o f
7 1110 K a n d  p r e s s u r e s  e x c e e d i n g  10 a t m o s p h e r e s ,  H y d r o g e n
i s  c o n v e r t e d  t o  H e l i u m  by  n u c l e a r  r e a c t i o n s  a n d  gamma 
r a d i a t i o n  i s  e m i t t e d .  T h i s  r a d i a t i o n  i s  t r a n s p o r t e d  
o u t w a r d s  f r o m  t h e  c o r e  by  r a d i a t i v e  d i f f u s i o n  a n d  
c o n v e c t i o n ;  i t  i s  d e g r a d e d  by  a b s o r p t i o n  a n d  r e - e m i s s i o n
p r o c e s s e s ,  a n d  e m e r g e s  f r o m  t h e  s o l a r  i n t e r i o r  a s  a
c o n t i n u o u s  s p e c t r u m .  O u t s i d e  o f  t h e  c o r e  t h e  s u n  i s
c o m p o s e d  o f  a u n i f o r m  m i x t u r e  w h i c h  i s  99% H y d r o g e n  a n d
H e l i u m ,  w i t h  1% o f  h e a v i e r  e l e m e n t s .
The t e m p e r a t u r e  d e c r e a s e s  t h r o u g h  t h e  o u t e r  l a y e r s ,
a n d  r e a c h e s  a mi n i mum a t  t h e  p h o t o s p h e r e  w h i c h  i s  t h e
v i s i b l e  " s u r f a c e "  o f  t h e  s u n .  The  a p p a r e n t l y  w e l l -
d e f i n e d  s o l a r  d i s c  r e s u l t s  f r o m  a r a p i d  i n c r e a s e  i n
o p t i c a l  a b s o r p t i o n  b e l o w  t h e  p h o t o s p h e r e .
The r e v e r s i n g  l a y e r  e x t e n d s  t o  1500  km a b o v e  t h e
p h o t o s p h e r e ;  i n  t h i s  r e g i o n  t h e  g a s  i s  c o o l e r
( a r o u n d  4 5 0 0  K ) , a n d  i t  c o n s i s t s  o f  n e u t r a l ' o r  s i n g l y
i o n i s e d  a t o m s  w h i c h  a b s o r b  r a d i a t i o n  f r o m  t h e  c o n t i n u u m
a t  t h e i r  own c h a r a c t e r i s t i c  w a v e l e n g t h s .  The r e s u l t i n g
a b s o r p t i o n  l i n e s ,  t h e  F r a u n h o f e r  l i n e s ,  a r e  a p r o m i n e n t
f e a t u r e  o f  t h e  s o l a r  s p e c t r u m ,  a s  s h o w n  i n  f i g .  1 
)( f r o m  A r v e s o n  ) .
The c h r o m o s p h e r e  e x t e n d s  t o  a h e i g h t  o f  a b o u t  
1 0 0 0 0  k m . a b o v e  t h e  r e v e r s i n g  l a y e r ;  t h e  g a s  d e n s i t y  
d e c r e a s e s  a s  t h e  h e i g h t  i n c r e a s e s ,  a n d  t h e  t e m p e r a t u r e
r  ^
r i s e s  t o  10 -  10 K. R a d i a t i o n  f r o m  t h e  c h r o m o s p h e r e  i s  
m a i n l y  s h o r t  UV e m i s s i o n  b y  C a l c i u m ,  H y d r o g e n  a n d  H e l i u m  
The o u t e r m o s t  r e g i o n  o f  t h e  s u n ,  t h e  c o r o n a ,  i s  
v i s i b l e  o n l y  w h en  t h e  p h o t o s p h e r e  i s  o b s c u r e d .  I t  i s  
e s s e n t i a l l y  a h y d r o g e n  p l a s m a  a t  a t e m p e r a t u r e  o f  10 ^  K, 
w h i c h  e m i t s  v e r y  s h o r t  UV a n d  X - r a y  r a d i a t i o n ;  t h e r e  i s  
a l s o  some e m i s s i o n  f r o m  H i g h l y  i o n i s e d  C a l c i u m ,  I r o n  a n d  
N i c k e l .  M o s t  o f  t h e  c o r o n a l  r a d i a t i o n  i s  p h o t o s p h e r i c  
e m i s s i o n  w h i c h  h a s  b e e n  s c a t t e r e d  b y  d u s t  a n d  e l e c t r o n s .
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I  -  Z —
S o l a r  a c t i v i t y  s ho ws  a c y c l i c  v a r i a t i o n . -  A s u n s p o t  
maximum o c c u r s  e v e r y  11 y e a r s ,  a n d  i t .  i s  a c c o m p a n i e d  by  
i n c r e a s e d  e m i s s i o n  o f  e n e r g y  a t  s h o r t  w a v e l e n g t h s  
(A < 100 nm) a n d  a t  r a d i o  f r e q u e n c i e s .  N e i t h e r  t h e s e  
l o n g  t e r m  v a r i a t i o n s  n o r  t h e  m o r e  f r e q u e n t  t r a n s i e n t  
s o l a r  d i s t u r b a n c e s  h a v e  b e e n  f o u n d  t o  a f f e c t  t h e  v i s i b l e  
r e g i o n  o f  t h e  s p e c t r u m .
THE EXTRATERRESTRIAL SOLAR SPECTRUM
The - e a r t h  move s  a r o u n d  t h e  s u n  i n  a n  e l l i p t i c a l
o r b i t ,  a t  a d i s t a n c e  w h i c h  v a r i e s  b y  + 1 . 67% f r o m  t h e
8 4mean v a l u e  o f  1 . 4 9 6  x 10 km.  The mean s o l a r  i r r a d i a n c e
5* — 2o u t s i d e  t h e  a t m o s p h e r e  i s  a p p r o x i m a t e l y  1 .  3p  kW.m ; 
t h i s  q u a n t i t y  i s  c a l l e d  t h e  S o l a r  C o n s t a n t .  At  a n y  t i m e  
t h e  t r u e  i r r a d i a n c e  w i l l  b e  w i t h i n  ± 3.3% o f  t h e  mean  
v a l u e ,  d e p e n d i n g  on t h e  d i s t a n c e  b e t w e e n  t h e  e a r t h  a n d  
s u n .
A k n o w l e d g e  o f  t h e  s p e c t r a l  d i s t r i b u t i o n  o f  s o l a r
r a d i a t i o n  o u t s i d e  o f  t h e  a t m o s p h e r e  i s  r e q u i r e d  f o r
t h e o r e t i c a l  s t u d i e s  o f  d a y l i g h t .  M o s t  o f  t h e  d a t a  w h i c h
a r e  a v a i l a b l e  a t  p r e s e n t  h a v e  b e e n  d e r i v e d  f r o m
m e a s u r e m e n t s  i n s i d e  t h e  a t m o s p h e r e  u s i n g  t h e
" e x t r a p o l a t i o n  t o  z e r o  a i r  m a s s "  t e c h n i q u e  ( L a n g l e y ’ s
M e t h o d ) ;  t h e  e s s e n t i a l  f e a t u r e s  o f  t h i s  m e t h o d  a r e
d e s c r i b e d  b e l o w .
At  a n y  p a r t i c u l a r  w a v e l e n g t h ,  t h e  m e a s u r e d
i r r a d i a n c e  (H ) i s  r e l a t e d  t o  t h e  e x t r a t e r r e s t r i a l  m
i r r a d i a n c e  (HQ) by
H = H e x p  ( --mk)   ( 1 )m o ^
m i s  c a l l e d  t h e  a i r  m a s s ;  i t  i s  t h e  p a t h  l e n g t h  t h r o u g h
t h e  a t m o s p h e r e  b e t w e e n  t h e  o b s e r v e r  a n d  t h e  s u n ,
r e l a t i v e  t o  t h e  v e r t i c a l  p a t h  l e n g t h .  k i s  t h e
a t t e n u a t i o n  c o e f f i c i e n t  a t  t h e  s e l e c t e d  w a v e l e n g t h  f o r
m = 1 .  As t h e  s u n  mo v e s  h i g h e r  o r  l o w e r  i n  t h e  s k y ,  t h e
v a l u e  o f  m c h a n g e s ;  t h u s ,  by  r e c o r d i n g  t h e  i r r a d i a n c e  a t
v a r i o u s  t i m e s  d u r i n g  t h e  d a y ,  H c a n  b e  m e a s u r e d  a s  a
f u n c t i o n  o f  m. A c c o r d i n g  t o * e q u a t i o n  ( 1 ) ,  l o g ( H  ) i s  am
l i n e a r  f u n c t i o n  o f  m, so  H c a n  be  o b t a i n e d  byo *
e x t r a p o l a t i n g  t h e  d a t a  t o  m = 0 .
T h i s  p r o c e d u r e  i s  s a t i s f a c t o r y  i f  k i s  c o n s t a n t  
d u r i n g  t h e  w h o l e  p e r i o d  o f  m e a s u r e m e n t ;  v a r i a t i o n s  i n  
t h e  o p t i c a l  d e n s i t y  o f  t h e  a t m o s p h e r e  a r e  i n e v i t a b l e ,  
b u t  t h e y  c a n  b e  r e d u c e d  by  r e c o r d i n g  t h e  i r r a d i a n c e  a t  
h i g h  a l t i t u d e s ,  a b o v e  t h e  h e a v i l y  p o l l u t e d  l o w e r  l a y e r s  
o f  t h e  a t m o s p h e r e .  F o r  t h i s  r e a s o n  many  m e a s u r e m e n t s  
h a v e  b e e n  made  f r o m  m o u n t a i n  s i t e s  a t  3 ” 4 km a b o v e  s e a
l e v e l ,  a n d  f r o m  a i r c r a f t  f l y i n g  a t  12. -  15 km a l t i t u d e .
/
Some o f  t h e  m o r e  r e c e n t  m e a s u r e m e n t s  h a v e  b e e n
. 3 4  5
r e v i e w e d  by  M a k a r o v a  , L a b s  a n d  T h e k a e k a r a  ; a l l  o f  t h e
r e s u l t s  d i s c u s s e d  by  T h e k a e k a r a  w e r e  m e a s u r e d  f r o m
a i r c r a f t ,  a s  w e r e  t h e  s p e c t r a  r e c o r d e d  by  A r v e s o n .  I n
e a c h  r e v i e w  a s o l a r  s p e c t r u m  h a s  b e e n  d e r i v e d  f r o m  t h e
w e i g h t e d  me an  o f  t h e  i n d i v i d u a l  m e a s u r e m e n t s .  The
s p e c t r a  o b t a i n e d  by  T h e k a e k a r a  a n d  M a k a r o v a  a r e  s h o wn  i n
f i g .  2 ;  t h e y  r e p r e s e n t  t h e  maximum a n d  mi n i mu m v a l u e s  o f
t h e  f o u r  s e t s  o f  r e s u l t s .  I t  i s  e v i d e n t ,  t h e r e f o r e ,
t h a t  c o n s i d e r a b l e  d i f f e r e n c e s  ( up  t o  10%) e x i s t  b e t w e e n
m e a s u r e d  v a l u e s  o f  t h e  s o l a r ■s p e c t r a l  i r r a d i a n c e ;  t h e s e
d i s c r e p a n c i e s  a r e  u n l i k e l y  t o  b e  r e s o l v e d  u n t i l

m e a s u r e m e n t s  c a n  b e  ma de  f r o m  s p a c e c r a f t  o u t s i d e  t h e  
a t m o s p h e r e .
F o r  m o s t  p u r p o s e s  a h i g h - r e s c l u t i o n  s p e c t r u m ,  l i k e  
t h a t  i n  f i g .  1 ,  i s  t o o  c o m p l e x .  The  F r a u n h o f e r  l i n e  
s t r u c t u r e  c a n  b e  " s m o o t h e d "  o u t  by  a v e r a g i n g  t h e  
s p e c t r a l  i r r a d i a n c e  o v e r  a l a r g e r  b a n d w i d t h ,  a s  i n  f i g .  2 
w h e r e  a 10 nm b a n d w i d t h  w a s  u s e d .  T h i s  a l s o  p e r m i t s  
e a s i e r  c o m p a r i s o n s  w i t h  t h e  many d a y l i g h t  s p e c t r a  w h i c h  
h a v e  b e e n  m e a s u r e d  w i t h  a 10 nm b a n d w i d t h .
A l l  t h e  c a l c u l a t i o n s  i n  t h i s  t h e s i s  a r e  b a s e d  on  
t h e  s p e c t r a l  d i s t r i b u t i o n  d e r i v e d  by  T h e k a e k a r a ;  i t  i s  
l i s t e d  i n  T a b l e  1 .
T a b l e  1
The E x t r a t e r r e s t r i a l  S o l a r  S p e c t r a l  I r r a d i a n c e
Wave l e n g t h Ho W a v e l e n g t h Ho
300 0 . 5 1 4 560 1 . 6 9 5
310 0 . 6  89 5 70 1.  712
320 0 .  830 5 80 1.  715
330 1.  059 5 9 0 1 . 7 0 0
340 1.  074 6 00 1 . 6 6 6
350 1 . 0 9 3 6 1 0 1 . 6 3 5
360 1.  068 6 2 0 1 . 6 0 2
370 1.  181 630 1 . 5 7 0
380 1.  120 6 4 0 1 . 5 4 4
390 1 . 0 9 8 650 1 . 5 1 1
400 1.  429 . 6 6 0 1 . 4 8 6
410 1 .  751 6 70 1 . 4 5 6
420 1.  747 680 1 . 4 2 7
430 1.  6 39 690 1.  402
440 1.  810 700 1.  369
450 2.  006 710 1 .  344
460 2.  06 6 720 1.  314
470 2 . 0 3 3 730 1 . 2 9 0
480 2 . 0 7 4 740 1 . 2 6 0
490 1 . 9 5 0 750 1 . 2 3 5
5 0 0 1 . 9 4 2 760 1 . 2 1 1
510 1.  882 770 1 . 1 8 5
520 1 . 8 3 3 780 1 . 1 5 9
5 30 1 . 8 4 2 790 1 . 1 3 4
540 1.  783 800 1 . 1 0 9
5 5 0 1.  725
U n i t s : -  W a v e l e n g t h  i n  nm
H i n  W. in ^ .nm  ^o
( a v e r a g e d  o v e r  a 10 nm b a n d w i d t h )
THE ATMOSPHERE 
The a t m o s p h e r e  i s  a c o m p l e x  m i x t u r e  o f  g a s e s ,  
l i q u i d  d r o p l e t s  a n d  s o l i d  p a r t i c l e s ; i t s  d e t a i l e d  
s t r u c t u r e  a n d  c o m p o s i t i o n  d e p e n d  on t h e  l a t i t u d e ,  t h e
s e a s o n ,  t h e  t i m e  o f  d a y  o r  n i g h t  a n d  t h e  s t a t e  o f
s o l a r  a c t i v i t y .  A n u m b e r  o f  m o d e l s  h a v e  b e e n  p r o p o s e d
t o  r e p r e s e n t  t h e  b a s i c  f e a t u r e s  o f  t h e  a t m o s p h e r e ;  t h e
m o d e l  u s e d  i n  t h i s  t h e s i s  i s  t h e  US S t a n d a r d  
6A t m o s p h e r e  , w h i c h  i s  d e f i n e d  i n  t e r m s  o f  d r y  d u s t - f r e e
a i r  w h i c h  b e h a v e s  l i k e  a n  i d e a l  g a s .  I t  r e p r e s e n t s  t h e
mean  a t m o s p h e r i c  c o n d i t i o n s  i n  m i d d l e  l a t i t u d e s  a n d  i s
b a s e d  u p o n  a c c e p t e d  s t a n d a r d  v a l u e s  o f  t h e  a i r  d e n s i t y ,
t e m p e r a t u r e  a n d  p r e s s u r e  a t  s e a  l e v e l .
The  a t m o s p h e r i c  p r e s s u r e  a t  s e a  l e v e l  i s
5 - 2a p p r o x i m a t e l y  1 . 0 1 3  x 10 N.m ( 7 6 0  mm o f  m e r c u r y ) .
The  p r e s s u r e  d e c r e a s e s  w i t h  i n c r e a s i n g  a l t i t u d e ,  a s
© '
s hown  i n  f i g .  3 w h e r e  t h e  " R e l a t i v e  P r e s s u r e "  i s  
d e f i n e d  a s  P ( h ) / P ( 0 ) ;  P ( h )  i s  t h e  p r e s s u r e  a t  a l t i t u d e  
h ,  a n d  P ( 0 )  i s  t h e  p r e s s u r e  a t  s e a  l e v e l .  S i n c e  P ( h )  
i s  e q u a l  t o  t h e  w e i g h t  o f  a t m o s p h e r e  a b o v e  a l t i t u d e  h ,  
P ( h ) / P ( 0 )  r e p r e s e n t s  t h e  f r a c t i o n  o f  t h e  a t m o s p h e r e  
w h i c h  i s  a b o v e  a l t i t u d e  h ;  f r o m  f i g .  3 i t  i s  e v i d e n t  
t h a t  m o r e  t h a n  9 9 . 9 9 9 9 %  o f  t h e  m a s s  o f  t h e  a t m o s p h e r e  
i s  b e l o w  100 km a l t i t u d e ,  i . e .  i t  i s  c o n t a i n e d  i n  a 
s h e l l  w h o s e  t h i c k n e s s  i s  l e s s  t h a n  1 / 6 0  o f  t h e  r a d i u s  
o f  t h e  e a r t h .
T h r e e  a s p e c t s  o f  t h e  a t m o s p h e r e  w i l l  b e  d i s c u s s e d  
h e r e - :  t h e  t h e r m a l  s t r u c t u r e ,  t h e  c h e m i c a l  c o m p o s i t i o n  
a n d  t h e  e l e c t r i c a l  p r o p e r t i e s  ( i o n i s a t i o n ) .
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F i g . 3 The V a r i a t i o n  o f  A t m o s p h e r i c  P r e s s u r e  w i t h  A l t i t u d e
3 . 1  THERMAL STRUCTURE
Th e  v e r t i c a l  v a r i a t i o n  o f  t h e  t e m p e r a t u r e  o f  t h e  
a t m o s p h e r e  i s  s h o wn  i n  f i g .  4 .  T h e r e  a r e  f o u r  d i s t i n c t  
r e g i o n s ,  e a c h  o f  w h i c h  h a s  a p o s i t i v e  o r  n e g a t i v e  
t e m p e r a t u r e ~ a l t i t u d e  g r a d i e n t  ( d T / d h )  t h r o u g h o u t ;  t h e  
u p p e r  b o u n d a r y  o f  e a c h  r e g i o n  i s  sh o wn  by  a b r o k e n  
h o r i z o n t a l  l i n e .
T h e  t h e r m a l  s t r u c t u r e  o f  t h e  t r o p o s p h e r e  i s  d u e  t o  
h e a t i n g  o f  t h e  e a r t h ’ s s u r f a c e  by  s o l a r  r a d i a t i o n ,  a n d  t h e  
s u b s e q u e n t  u p w a r d  t r a n s f e r  o f  t h i s  h e a t  by  t u r b u l e n t  
m i x i n g  a n d  c o n v e c t i o n ;  t h u s ,  t h e  w a r m e s t  l a y e r s  o f  a i r  a r e  
t h o s e  n e a r e s t  t o  t h e  g r o u n d .  The  t e m p e r a t u r e  f a l l s  t o  a 
mi n i mu m a t  t h e  t r o p o p a u s e  w h i c h  o c c u r s  a t  16 -  18 km 
a l t i t u d e  o v e r  t h e  e q u a t o r ,  a n d  a t  8 -  12 km i n  h i g h e r  
l a t i t u d e s  .
A t m o s p h e r i c  o z o n e ,  w h i c h  i s  c o n t a i n e d  m a i n l y  i n  t h e  
s t r a t o s p h e r e ,  a b s o r b s  s o l a r  r a d i a t i o n  i n  t h e  2 0 0  -  3 0 0  nm 
w a v e l e n g t h  r a n g e ,  a n d  p r o d u c e s  t h e  r i s e  i n  t e m p e r a t u r e  
b e t w e e n  t h e  t r o p o p a u s e  a n d  s t r a t o p a u s e .  The  a b s o r p t i o n  
o f  s o l a r  r a d i a t i o n  i n  t h e  m e s o s p h e r e  t e n d s  t o  c a u s e  
i o n i s a t i o n  r a t h e r  t h a n  h e a t i n g ,  t h u s  t h e  t e m p e r a t u r e  
d e c r e a s e s  b e t w e e n  t h e  s t r a t o p a u s e  a n d  m e s o p a u s e .  T h e  
m e s o s p h e r e  i s  t h e  t r a n s i t i o n  z o n e  b e t w e e n  t h e  n e u t r a l  
( u n i o n i s e d )  l o w e r  a t m o s p h e r e  a n d  t h e  e l e c t r i c a l l y  a c t i v e  
i o n o s p h e r e .  S h o r t e r  w a v e l e n g t h  r a d i a t i o n  (A < 2 0 0  nm) 
i s  a b s o r b e d  a b o v e  t h e  m e s o p a u s e ,  a n d  t h e  t e m p e r a t u r e  
c o n t i n u e s ,  t o  r i s e  t h r o u g h o u t  t h e  t h e r m o s p h e r e  t o  w h e r e  
t h e  a t m o s p h e r e  m e r g e s  w i t h  t h e  i n t e r p l a n e t a r y  g a s .
A d e t a i l e d  d i s c u s s i o n  o f  t h e  u p p e r  a t m o s p h e r e  h a s  
b e e n  p r e s e n t e d  b y  Webb^ .
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F i g . 4 The T e m p e r a t u r e  P r o f i l e  o f  t h e  A t m o s p h e r e
3 . 2  COMPOSITION
I t  i s  c o n v e n i e n t  t o  d i v i d e  t h e  a t m o s p h e r e  i n t o  
two r e g i o n s  o f  d i f f e r e n t  c h e m i c a l  c o m p o s i t i o n .  The  
h o m o s p h e r e  e x t e n d s  f r o m  s e a  l e v e l  up t o  a b o u t  100  km 
a l t i t u d e ;  i t  h a s  a c o n s t a n t  c h e m i c a l  compo s i  t i o n  
b e c a u s e  o f  s t r o n g  v e r t i c a l  m i x i n g  o f  t h e  g a s e s .
Above  100 km i s  t h e  h e t e r o s p h e r e ,  w h e r e  t h e r e  i s  
l i t t l e  m i x i n g ,  s o  e a c h  g a s  a d o p t s  a v e r t i c a l  
d i s t r i b u t i o n  w h i c h  d e p e n d s  on  i t s  m o l e c u l a r  w e i g h t ;  
t h e  l i g h t e r  g a s e s  b e c o m e  m o r e  d o m i n a n t  a t  h i g h e r  
a l t i t u d e s .  The h e t e r o s p h e r e  c o n t a i n s  l e s s  t h a n  o ne  
m i l l i o n t h  o f  t h e  t o t a l  m a s s  o f  t h e  a t m o s p h e r e ,  and '  i t  
w i l l  n o t  be  d i s c u s s e d  h e r e . .
3 . 2 . 1  The  H o m o s p h e r e
E a c h  o f  t h e  a t m o s p h e r i c  g a s e s  may b e  c l a s s i f i e d
a s  e i t h e r  p e r m a n e n t  o r  v a r i a b l e ,  a l t h o u g h  t h e y  d i f f e r
o n l y  i n  t h e  d e g r e e  o f  v a r i a b i l i t y .  The p e r m a n e n t
c o n s t i t u e n t s  a r e  N i t r o g e n  ( 7 8 . 1 %  by  v o l u m e ) , O x y g e n
( 2 0 . 9 % ) ,  A r g o n  ( 0 . 9 % )  a n d  t h e  o t h e r  i n e r t  g a s e s .
The v a r i a b l e  g a s e s  i n c l u d e  c a r b o n  d i o x i d e ,  w a t e r
v a p o u r  a n d  o z o n e ,  a l l  o f  w h i c h  p l a y  a n  i m p o r t a n t  p a r t
i n  t h e  a b s o r p t i o n  a n d  e m i s s i o n  o f  r a d i a t i o n  i n  t h e
a t m o s p h e r e .  The h o m o s p h e r e ,  c o n t a i n s  0 . 0 3 3 %  o f  c a r b o n
d i o x i d e ,  a n d  i t  h a s  b e e n  e s t i m a t e d  t h a t  t h e  CO^ c o n t e n t
o f  t h e  a t m o s p h e r e  i s  i n c r e a s i n g  b y  2 -  3% o f  t h i s
f i g u r e  p e r  d e c a d e  o w i n g  t o  t h e  c o m b u s t i o n  o f  f o s s i l  
8 9f u e l s  3 •. W a t e r  v a p o u r  a n d  o z o n e  a r e  n o t  u n i f o r m l y  
d i s t r i b u t e d  t h r o u g h o u t  . t h e  h o m o s p h e r e ;  m o s t  o f  t h e  
w a t e r  v a p o u r  i s  i n  t h e  t r o p o s p h e r e ,  w h e r e a s  o z o n e  i s  
f o u n d  m a i n l y  i n  t h e  s t r a t o s p h e r e .
T-he h o m o s p h e r e  a l s o  c o n t a i n s  s m a l l  a m o u n t s  
( u s u a l l y  l e s s  t h a n  1 ppm)  o f  o t h e r  g a s e s ,  
e . g .  CH ^ , CO, H2 , NO, S 0 2
w h i c h  a r e  p r o d u c e d  by  b i o l o g i c a l  a n d  i n d u s t r i a l
' p r o c e s s e s ,  o r  by  c h e m i c a l  r e a c t i o n s  i n  t h e  a t m o s p h e r e .
The c h e m i s t r y  o f  t h e s e  m i n o r  g a s e s  h a s  b e e n  d i s c u s s e d
by  J u n g e ^ .  W i t h  t h e  e x c e p t i o n  o f  t h e  i n e r t  g a s e s ,
e a c h  o f  t h e  a t m o s p h e r i c  c o n s t i t u e n t s  i s  d i s s o c i a t e d  by
s o l a r  r a d i a t i o n  i n  t h e  u p p e r  a t m o s p h e r e ;  t h e  a l t i t u d e
a t  w h i c h  a p a r t i c u l a r  m o l e c u l e  i s  d i s s o c i a t e d  d e p e n d s
on t h e  d e p t h . i n  t h e  a t m o s p h e r e  t o  w h i c h  t h e  a p p r o p r i a t e
w a v e l e n g t h  o f  s o l a r  r a d i a t i o n  c a n  p e n e t r a t e .
3 . 2 . 2  A t m o s p h e r i c  O z o ne
O zo n e  i s  p r o d u c e d  b y  t h e  a d d i t i o n  o f  an  o x y g e n
a t o m  t o  an  o x y g e n  m o l e c u l e  i n  a t r i p l e  c o l l i s i o n :
0 + 0 2 + ‘ M = 0 3 + M
a t h i r d  b o d y  (M) i s  n e c e s s a r y  t o  r e m o v e  t h e  h e a t
p r o d u c e d  d u r i n g  t h e  r e a c t i o n .  A d e t a i l e d  e x p l a n a t i o n
11 .o f  t h i s  p r o c e s s  was  f i r s t  s u g g e s t e d  by  Chapman m
1 9 3 0 ,  b u t  t h e r e  i s  s t i l l  much d e b a t e  a b o u t  t h e  p r e c i s e
. . 12 13r e a c t i o n  p a t h s  i n v o l v e d  * . The o x y g e n  m o l e c u l e  c a n
b e  d i s s o c i a t e d  by  r a d i a t i o n  f r o m  two p a r t s  o f  t h e
s o l a r  s p e c t r u m ;  t h u s  a t o m i c  o x y g e n  i s  p r o d u c e d  i n  two
r e g i o n s  o f  t h e  a t m o s p h e r e ,  a t  35 km a n d  100 km
a l t i t u d e .  The l o w e r  r e g i o n  i s  m o r e  f a v o u r a b l e  f o r  t h e
f o r m a t i o n  o f  o z o n e  b e c a u s e  t h e  a t m o s p h e r e  i s  d e n s e r
a n d  t h e r e  i s ,  t h e r e f o r e ,  a h i g h e r  p r o b a b i l i t y  o f
t r i p l e  c o l l i s i o n s .  Oz o n e  i s  d i s s o c i a t e d  by  s o l a r
r a d i a t i o n  i n  t h e  u p p e r  s t r a t o s p h e r e  a n d  m e s o s p h e r e .
Any o z o n e  w h i c h  e n t e r s  t h e  t r o p o s p h e r e  i s  q u i c k l y
r e m o v e d  by  r e a c t i o n s  w i t h  a t m o s p h e r i c  p o l l u t a n t s  a n d  
v e g e t a b l e  m a t t e r ,  a l t h o u g h  s i g n i f i c a n t  a m o u n t s  o f  
o z o n e  may b e  f o r m e d  i n  t h e  t r o p o s p h e r e  u n d e r  s u i t a b l e  
c o n d i t i o n s ,  e . g .  i n  p h o t o c h e m i c a l  smo g .
The t o t a l  o z o n e  c o n t e n t  o f  t h e  a t m o s p h e r e  v a r i e s  
f r o m  0 . 2  -  0 . 4  cm,  d e p e n d i n g  on t h e  l a t i t u d e  a n d  
s e a s o n .  ( Th e  o z o n e  c o n t e n t  o f  a c o l u m n  o f  a i r  i s  t h e  
t h i c k n e s s  o f  t h e  l a y e r  w h i c h  w o u l d  b e  f o r m e d  i f  a l l  
t h e  o z o n e  i n  t h a t  c o l u m n  w e r e  r e d u c e d  t o  S T P . )  The  
v e r t i c a l  d i s t r i b u t i o n  o f  o z o n e  h a s  b e e n  t h e  s u b j e c t  o f  
many i n v e s t i g a t i o n s .  M e a s u r e m e n t s  h a v e  b e e n  made  f r o m
s e a .  l e v e l ,  a n d  f r o m  b a l l o o n s  a n d  r o c k e t s  u s i n g
. 1 4  . 15 .s p e c t r o s c o p i c  a n d  c h e m i c a l  t e c h n i q u e s .  A me an
v e r t i c a l  d i s t r i b u t i o n  o f  o z o n e  f o r  m i d d l e  l a t i t u d e s
h a s  b e e n  d e r i v e d  f r o m  a l l  t h e s e  m e a s u r e m e n t s  a n d  h a s
1 6b e e n  i n c o r p o r a t e d  i n t o  t h e  US S t a n d a r d  A t m o s p h e r e  ;
t h i s  d i s t r i b u t i o n  i s  sh o wn  i n  f i g .  5 a .  T h e r e  i s  some
e v i d e n c e  t h a t  a n o t h e r  o z o n e  l a y e r  may e x i s t  a b o v e  
1770 km a l t i t u d e  ; t h e  maximum c o n c e n t r a t i o n  o f  o z o n e
- 5m  t h i s  l a y e r  i s  a b o u t  10 o f  t h e  maximum i n  t h e
s t r a t o s p h e r e .
. 3  A t m o s p h e r i c  W a t e r  V a p o u r
W a t e r  v a p o u r  i s  o n e  o f  t h e  m o s t  v a r i a b l e
c o n s t i t u e n t s  o f  t h e  a t m o s p h e r e ;  i t s  c o n c e n t r a t i o n  a t
s e a  l e v e l  r a n g e s  f r o m  20 g o f  w a t e r  v a p o u r  p e r  k g  o f
a i r  i n  t h e  t r o p i c s  t o  0 . 5  g . k g   ^ i n  c o l d ,  d r y  p o l a r
a i r  m a s s e s .  The  t o t a l  ' w a t e r  v a p o u r  c o n t e n t  o f  t h e
a t m o s p h e r e  i s  e q u a l l y  v a r i a b l e ;  t h e  f o l l o w i n g  t a b l e
-  2s ho w s  t h e  t o t a l  p r e c i p i t a b l e  w a t e r  v a p o u r  ( i n  g . c m  )
18a s  a f u n c t i o n  o f  l a t i t u d e  a n d  s e a s o n
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L a t i t u d e  ( ° N) 0 30 60
J  a n u a r y 4 . 6 1.  7 0 ,  4
Ap r  i  1 4 . 6 2 . 0 0 . 7
J u l y 4.  4 3 . 6 2 . 2
O c t o b e r 4 . 5 3.  4 1 . 0
( Th e  p r e c i p i t a b l e  w a t e r  i n  a c o l u m n  o f  a i r  i s  t h e
d e p t h  o r  ma s s  o f  w a t e r  t h a t  w o u l d  b e  o b t a i n e d  i f  a l l
t h e  w a t e r  v a p o u r  i n  t h e  c o l u m n  w e r e  c o n d e n s e d  o n t o  a
h o r i z o n t a l  p l a n e  a t  t h e  b a s e  o f  t h e  c o l u m n . )
W a t e r  v a p o u r  e n t e r s  t h e  t r o p o s p h e r e  by  e v a p o r a t i o n  
f r o m  t h e  e a r t h ’ s s u r f a c e ,  a n d  i t  f o r m s  c l o u d s ;  i t  i s  
r e m o v e d  f r o m  t h e  t r o p o s p h e r e  by  p r e c i p i t a t i o n .
The  s t r a t o s p h e r e  a l s o  c o n t a i n s  some w a t e r  v a p o u r ;
i t  o c c u r s  i n  s m a l l e r  c o n c e n t r a t i o n s  t h a n  a r e  f o u n d  i n
t h e  t r o p o s p h e r e  b e c a u s e  t h e  t e m p e r a t u r e s  a b o v e  t h e
t r o p o p a u s e  a r e  much l o w e r .  T h i s  w a t e r  v a p o u r  c omes
f r o m  t wo s o u r c e s :  i t  i s  t r a n s p o r t e d  u p w a r d s  f r o m  t h e
t r o p o s p h e r e ,  a n d  i t  i s  f o r m e d  by  c h e m i c a l  p r o c e s s e s  i n
t h e  s t r a t o s p h e r e .  The  h u m i d i t y  s o m e t i m e s  r e a c h e s
s a t u r a t i o n  a n d  n a c r e o u s  ( m o t h e r - o f - p e a r l )  c l o u d s  a r e
f o r m e d  a t  25 -  30 km a l t i t u d e .  T h e r e  i s  e v i d e n c e  o f
t h e  p r e s e n c e  o f  w a t e r  v a p o u r  a t  e v e n  h i g h e r  a l t i t u d e s ;
n o c t i l u c e n t  c l o u d s  a r e  o b s e r v e d  a t  80 -  90 km,  a n d  s ome
o f  t h e s e  c l o u d  p a r t i c l e s  h a v e  b e e n  f o u n d  t o  b e  c o a t e d  
19w i t h  i c e  . Above  t h e  t r o p o p a u s e  w a t e r  v a p o u r  i s  
r e m o v e d  f r o m  t h e  a t m o s p h e r e  by  c h e m i c a l  r e a c t i o n s ,  a n d  
i t  i s  d i s s o c i a t e d  b y  s o l a r  r a d i a t i o n  i n  t h e  m e s o s p h e r e .
The  v e r t i c a l  d i s t r i b u t i o n  o f  a t m o s p h e r i c  w a t e r
v a p o u r  h a s  b e e n  t h o r o u g h l y  i n v e s t i g a t e d .  Mo s t  o f  t h e
e a r l i e r  r e s e a r c h e r s  u s e d  d e v i c e s  w h i c h  m e a s u r e d  w a t e r
v a p o u r  i n  t e r m s  o f  t h e  h u m i d i t y ;  i n  r e c e n t  y e a r s  t h e r e
h a s  b e e n  a n  i n c r e a s e  i n  t h e  u s e  o f  s p e c t r o s c o p i c  
20m e t h o d s  . A l a r g e  n u m b e r  o f  t h e  m e a s u r e m e n t s  p r i o r  t o
21  221962  h a v e  b e e n  a n a l y s e d  by  G u t n i c k  * ; h e  h a s  d e r i v e d
a s t a n d a r d  v e r t i c a l  d i s t r i b u t i o n  f o r  w a t e r  v a p o u r ,  
w h i c h  i s  s h o wn  i n  f i g .  5 b .  I t  s h o u l d  be  n o t e d  t h a t  t h e  
w a t e r  v a p o u r  c o n c e n t r a t i o n  i s  e x t r e m e l y  v a r i a b l e  a n d  
may d i f f e r  w i d e l y  f r o m  t h e  d i s t r i b u t i o n  r e p r e s e n t e d  b y  
t h i s  m o d e l .
THE IONOSPHERE
The  i o n o s p h e r e  i s  t h e  r e g i o n  o f  t h e  a t m o s p h e r e  
a b o v e  60 km a l t i t u d e  w h e r e  s o l a r  r a d i a t i o n  i o n i s e s  some 
o f  t h e  g a s e s .  A l t h o u g h  i t  h a s  no  s i g n i f i c a n t  e f f e c t  on  
d a y l i g h t ,  t h i s  i o n i s a t i o n  i s  i m p o r t a n t  b e c a u s e  i t
2 3p r o d u c e s  f r e e  e l e c t r o n s  w h i c h  c a n  r e f l e c t  r a d i o  w a v e s  
The  r a t e  o f  i o n i s a t i o n  d e p e n d s  on t h e  s t a t e  o f  s o l a r  
a c t i v i t y ,  a n d  i t  v a r i e s  w i t h  t h e  t i m e  o f  d a y .  At  n o o n  
t h e  e l e c t r o n  c o n c e n t r a t i o n  r e a c h e s  a maxi mum o f  a b o u t
6 _ 3
10 cm a t  a r o u n d  250  km a l t i t u d e .  A f t e r  s u n s e t ,  wh e n
s o l a r  r a d i a t i o n  n o  l o n g e r  f a l l s  on  t h e  a t m o s p h e r e ,  some
o f  t h e  e l e c t r o n s  a n d  i o n s  r e c o m b i n e ;  r e c o m b i n a t i o n
o c c u r s  r a p i d l y  i n  t h e  l o w e r  i o n o s p h e r e  b u t  mo r e  s l o w l y
a t  h i g h e r  a l t i t u d e s ,  a n d  by  m i d n i g h t  t h e  maxi mum
5 - 3e l e c t r o n  c o n c e n t r a t i o n  i s  10 cm a t  300 km a l t i t u d e .
Th. ere  a r e  t h r e e  m a i n  l a y e r s  o f  i o n i s a t i o n  i n  t h e  
i o n o s p h e r e  :
L a y e r A l t i t u d e  (1cm)
D 60 -  90
E ( K e n n e l l y - H e a v i s i d e  l a y e r ) 90 -  160
F ( A p p l e t o n  l a y e r ) 160 -
The D l a y e r  i s  f o r m e d  b y  t h e  i o n i s a t i o n  o f  N i t r i c  O x i d e  
(NO) by  L y m a n - a  r a d i a  t i o n  ( 12 1.  6: nm w a v e l e n g t h ) ,  w h i c h  
i s  a b l e  t o  p e n e t r a t e  t o  t h e  b o t t o m  o f  t h e  i o n o s p h e r e  
t h r o u g h  a " w i n d o w "  i n  t h e  a b s o r p t i o n  s p e c t r u m  o f  o x y g e n .  
X - r a y s  w i t h  w a v e l e n g t h s  s h o r t e r  t h a n  1 nm c a n  a l s o  
r e a c h  t h e  D l a y e r ;  t h i s  r a d i a t i o n  i n c r e a s e s  wh e n  s o l a r  
f l a r e s  o c c u r  a n d  i t  p r o d u c e s  e n h a n c e d  a t m o s p h e r i c  
i o n i s a t i o n  w h i c h  o f t e n  i n t e r f e r e s  w i t h  r a d i o  
c o m m u n i c a t i o n s .  A l l  t h e  m a j o r  g a s e s  a r e  i o n i s e d  h i g h e r  
i n  t h e  a t m o s p h e r e  by  1 -  10 nm w a v e l e n g t h  r a d i a t i o n s ;  
t h i s  f o r m s  t h e  E l a y e r .  The  F l a y e r  i s  c o m p o s e d  o f  
i o n s  a n d  e l e c t r o n s  w h i c h  a r e  p r o d u c e d  by  a b s o r p t i o n  o f  
t h e  f u l l  r a n g e  o f  s o l a r  X - r a y s  a n d  UV r a d i a t i o n .  
T h r o u g h o u t  t h e  E a n d  F l a y e r s ,  t h e  c o m p o s i t i o n  o f  t h e  
a t m o s p h e r e  a n d  t h e  p o s i t i v e  i o n s  c h a n g e s .  At  t h e
■f .  « » .  #b o t t o m  o f  t h e  E l a y e r ,  O ^ ' i s  t h e  m a i n  i o n ;  t h i s  i s
s u c c e e d e d  by  0 + a t  a b o u t  200  km,  t h e n  by  N+ . Ab o v e
5 0 0  1cm, He*  a n d  H + , w h i c h  a r e  t h e  m a i n  c o n s t i t u e n t s  o f
i n t e r p l a n e t a r y  gas ' ,  i n  t u r n  p r e d o m i n a t e .  A mo r e
e x t e n s i v e  d e s c r i p t i o n  o f  p r o c e s s e s  i n  t h e  u p p e r
2 4a t m o s p h e r e  h a s  b e e n  p r e s e n t e d  by  H i n e s
THE ATMOSPHERIC AEROSOL
The a t m o s p h e r i c  a e r o s o l  i s  t h e  d i s p e r s e d  s o l i d  a n d
l i q u i d  m a t t e r  w h i c h  o c c u r s  t h r o u g h o u t  t h e  a t m o s p h e r e  i n
t h e  f o r m  o f  m i n u t e  p a r t i c l e s  o r  d r o p l e t s .  A l t h o u g h
t h i s  d e f i n i t i o n  i n c l u d e s  c l o u d s ,  f o g  a n d  r a i n d r o p s ,
t h e y  a r e  u s u a l l y  r e g a r d e d  a s  s e p a r a t e  a e r o s o l s ,  a n d  t h e
t e r m  " a t m o s p h e r i c  a e r o s o l "  i s  a p p l i e d  o n l y  t o  t h e
s m a l l e r  p a r t i c l e s  w h i c h  p r o d u c e  h a z e  i n  t h e  a t m o s p h e r e .
F o r  o p t i c a l  p u r p o s e s  i t  i s  c o n v e n i e n t  t o  a s s u m e
t h a t  a l l  a e r o s o l  p a r t i c l e s  a r e  s p h e r i c a l ,  t h e n  t h e  s i z e
o f  e a c h  p a r t i c l e  c a n  b e  d e s c r i b e d  by  i t s  r a d i u s  ( r )
" 6w h i c h  i s  e x p r e s s e d  i n  u n i t s  o f  10 m (| im) . I n  a r e a s  
r e m o t e  f r o m  l o c a l i s e d  s o u r c e s  o f  a e r o s o l ,  t h e  p a r t i c l e s  
f o r m  a c o n t i n u o u s  s i z e  d i s t r i b u t i o n  f r o m  a b o u t  0 . 0 0 5  ym 
t o  20 ym.  The s m a l l e s t  p a r t i c l e s  b e c o m e  a t t a c h e d  t o  
e a c h  o t h e r  o r  t o  l a r g e r  p a r t i c l e s ,  a n d  t h u s  t h e  mi n i mu m 
s i z e  i s  c o n t r o l l e d  by  c o a g u l a t i o n .  The  maxi mum s i z e  i s  
g o v e r n e d  by  s e d i m e n t a t i o n ;  v e r y  l a r g e  p a r t i c l e s  a r e  
f o u n d  w i t h i n  t h e  v i c i n i t y  o f  t h e i r  s o u r c e ,  b e c a u s e  t h e y  
c a n  r e m a i n  a i r b o r n e  f o r  o n l y  a s h o r t  t i m e .  . The  s i z e  
r a n g e  i s  d i v i d e d  i n t o  t h r e e  r e g i o n s :
A i t k e n  p a r t i c l e s r  < 0 . 1 ym
l a r g e  p a r t i c l e s 0 . 1  ym < r  < 1 . 0 ym
g i a n t  p a r t i c l e s r  > 1 . 0 ym
A l t h o u g h  t h e s e  d i v i s i o n s ’ h a v e  n o  f u n d a m e n t a l  
s i g n i f i c a n c e ,  t h e y  p r o v i d e  a c o n v e n i e n t  way o f  
r e f e r r i n g  t o  g r o u p s  o f  p a r t i c l e s  w h i c h  p r o d u c e  s i m i l a r  
e f f e c t s  i n  t h e  a t m o s p h e r e .
Th-e a e r o s o l  p l a y s  an  i m p o r t a n t  p a r t  i n  many 
p h y s i c a l ,  c h e m i c a l  a n d  e l e c t r i c a l  p r o c e s s e s  i n  t h e  
a t m o s p h e r e ;  h o w e v e r ,  t h i s  w o r k  i s  p r i m a r i l y  c o n c e r n e d  
w i t h  t h o s e  f a c t o r s  w h i c h  a r e  r e l a t e d  t o  o p t i c a l  e f f e c t s  
a n d  t h e  s c a t t e r i n g  o f  s u n l i g h t ,  b o t h  o f  w h i c h  a r e  
c a u s e d  m a i n l y  by  l a r g e  p a r t i c l e s .
T h e r e  a r e  many p r o b l e m s  a s s o c i a t e d  w i t h  t h e  
m e a s u r e m e n t  a n d  a n a l y s i s  o f  a t m o s p h e r i c  a e r o s o l s .  
P a r t i c l e s  a r e  o f t e n  c o l l e c t e d  on a n  i n e r t  f i l t e r ,  w h i c h  
i s  t h e n  e x a m i n e d  i n  t h e  l a b o r a t o r y  u n d e r  c o n d i t i o n s  
w h i c h  may b e  v e r y  d i f f e r e n t  f r o m  t h o s e  i n  w h i c h  t h e  
a e r o s o l  wa s  o r i g i n a l l y  f o u n d .  A c h a n g e  i n  h u m i d i t y  
w i l l  a f f e c t  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  p a r t i c l e s .  
H e a t i n g  t h e  a e r o s o l  w i l l  c a u s e  t h e  v o l a t i l e  
c o n s t i t u e n t s  t o  e v a p o r a t e ; t h u s  t h e  u s e  o f  e l e c t r o n  
b e a m i n s t r u m e n t s ,  l i k e  t h e  e l e c t r o n  m i c r o s c o p e  o r  
m i c r o p r o b e  a n a l y s e r ,  may g i v e  m i s l e a d i n g  r e s u l t s .  
C h e m i c a l  a n a l y s i s  w i l l  be  u n s a t i s f a c t o r y  i f  t h e  " i n e r t "  
f i l t e r  r e t a i n s  some e l e m e n t s  i n  p r e f e r e n c e  t o  o t h e r s ;  
t h i s  w i l l  p r o d u c e  a n  i n c o r r e c t  a s s e s s m e n t  o f  t h e  
c h e m i c a l  c o m p o s i t i o n .  P r o b l e m s  l i k e  t h e s e  m u s t  be  
c o n s i d e r e d  wh e n  c o m p a r i n g  t h e  r e s u l t s  o b t a i n e d  b y  
d i f f e r e n t  m e a s u r i n g  t e c h n i q u e s .
E x c e p t  w h e r e  o t h e r  r e f e r e n c e s  a r e  g i v e n , ' t h e  
f o l l o w i n g  d i s c u s s i o n  i s  b a s e d  on t h e  r e v i e w  b y  J u n g e ^ ,  
w h i c h  s h o u l d  b e  c o n s u l t e d  f o r  i n f o r m a t i o n  a b o u t  
i n d i v i d u a l  r e s e a r c h e r s  a n d  f o r  a mo r e  d e t a i l e d  a c c o u n t  
o f  t h e  a e r o s o l  t h a n  i s  p r e s e n t e d  h e r e .
4 . 1  ORIGIN AND COMPOSITION
The t r o p o p a u s e  a c t s  a s  a b a r r i e r  w h i c h  r e d u c e s  t h e  
t r a n s f e r  o f  p a r t i c u l a t e  m a t e r i a l  b e t w e e n  t h e  
( r e l a t i v e l y )  " d i r t y "  t r o p o s p h e r e  a n d  t h e  " c l e a n "  
s t r a t o s p h e r e ;  t h u s  t h e  t r o p o s p h e r i c  a n d  s t r a t o s p h e r i c  
a e r o s o l s  d i f f e r  i n  t h e i r  c h e m i c a l  a n d  p h y s i c a l  
c h a r a c t e r i s t i c s .
The  m a j o r  p r o c e s s e s  b y  w h i c h  a e r o s o l  p a r t i c l e s  a r e  
f o r m e d ,  a n d  t h e  m e c h a n i s m s  b y  w h i c h  t h e y  a r e  r e m o v e d  
f r o m  t h e  a t m o s p h e r e  a r e  s u m m a r i s e d  i n  f i g .  6 .
4 . 1 . 1  The  T r o p o s p h e r i c  A e r o s o l
The  t r o p o s p h e r i c  a e r o s o l  h a s  t wo c o m p o n e n t s :  t h e
c o n t i n e n t a l  a e r o s o l  w h i c h  o c c u r s  o v e r  t h e  l a n d  m a s s e s ,
a n d  t h e  m a r i t i m e  o r  o c e a n i c  a e r o s o l  w h i c h  i s  f o u n d  o v e r
2 6t h e  o c e a n s .  J u n g e  h a s  s u g g e s t e d  t h a t  t h e  d i s t i n c t i o n
b e t w e e n  t h e  c o n t i n e n t a l  a n d  m a r i t i m e  a e r o s o l  e x i s t s
o n l y  i n  t h e  l o w e r  t r o p o s p h e r e  w h e r e  m o s t  o f  t h e  s o u r c e s
o f  p a r t i c l e s  a r e  l o c a t e d ,  a n d  t h a t  t h e  m i d d l e  a n d  u p p e r
t r o p o s p h e r e  c o n t a i n s  a u n i f o r m  a e r o s o l  w h i c h  s h o ws
l i t t l e  d i f f e r e n c e  b e t w e e n  o c e a n i c  a n d  c o n t i n e n t a l  a r e a s .
A r e c e n t  i n v e s t i g a t i o n  i n t o  t h e  r e l a t i v e  p r o p o r t i o n s  o f
. . 2 7t h e  t wo c o m p o n e n t s  h a s  c o n f i r m e d  t h i s  v i e w  ; t h e  
u n i f o r m  a e r o s o l  was  f o u n d  t o  be  90  -  95% c o n t i n e n t a l  
a n d  5 -  10% m a r i t i m e .
I n  g e n e r a l ,  t h e  p r o p o r t i o n s  o f  t h e  t wo c o m p o n e n t s  
w i l l  d e p e n d  on t h e  g e o g r a p h i c a l  l o c a t i o n ,  a n d  on  t h e  
h i s t o r y  o f  t h e  a i r  m a s s . ( The  c o m p o s i t i o n  o f  t h e  
a e r o s o l  w i l l  v a r y  a c c o r d i n g l y ;  i n  d e s e r t  a r e a s  i t  w i l l  
c o n s i s t  o f  d r y  d u s t  p a r t i c l e s ,  a n d  i n  m a r i t i m e  
e n v i r o n m e n t s  t h e  p a r t i c l e s  w i l l  be  d r o p l e t s  o f  s a l t
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F i g .  6 P r o c e s s e s  f o r  t h e  f o r m a t i o n  a n d  r e m o v a l  o f  
a t m o s p h e r i c  a e r o s o l  p a r t i c l e s
s o l u t i o n .  The  m a j o r i t y  o f  p a r t i c l e s  w i l l  c o n s i s t  o f  a 
s o l i d  c o r e  w i t h  a l i q u i d  c o a t i n g .
T h e r e  a r e  t h r e e  ma i n  s o u r c e s  o f  c o n t i n e n t a l  
a e r o s o l  p a r t i c l e s  :
( a )  C o n d e n s a t i o n  a n d  s u b l i m a t i o n  o f  m a t e r i a l s  w i t h  
v e r y  l o w v a p o u r  p r e s s u r e s ;  t h i s  i n c l u d e s  a l l  
s mo k e s  p r o d u c e d  by  h e a t i n g  a n d  c o m b u s t i o n .
Mo s t  o f . t h e s e  p a r t i c l e s  a r e  f o r m e d  by  i n d u s t r i a l  
a c t i v i t y ,  b u t  t h e r e  a r e  a f e w n a t u r a l  s o u r c e s ,  
e . g .  f o r e s t  f i r e s  a n d  v o l c a n o e s .
( b )  F o r m a t i o n  o f  p a r t i c l e s  w i t h i n  t h e  a t m o s p h e r e  by
r e a c t i o n s  b e t w e e n  g a s e s ,  e . g .  t h e  f o r m a t i o n  o f
NH. C l  f r o m  NH0 a n d  HC1.  U n d e r  s u i t a b l e  4 3
c o n d i t i o n s  g a s  r e a c t i o n s  c a n  f o r m  new p o p u l a t i o n s  
o f  a e r o s o l  p a r t i c l e s  a s  i n  p h o t o c h e m i c a l  s mog .
( c )  D i s p e r s i o n  o f  m a t e r i a l  a t  t h e  e a r t h ' s  s u r f a c e  
a s  m i n e r a l  d u s t .  T h i s  p r o c e s s  t e n d s  t o  p r o d u c e  
l a r g e r  p a r t i c l e s  t h a n  ( a )  a n d  ( b ) ,  b u t  i t  w i l l  
o n l y  be  s i g n i f i c a n t  i n  a r i d  r e g i o n s .
The  c o m p o s i t i o n  o f  A i t k e n  p a r t i c l e s  i s  u n c e r t a i n
b e c a u s e  t h e y  a r e  d i f f i c u l t  t o  c o l l e c t ;  some i n f o r m a t i o n
h a s  b e e n  o b t a i n e d  by  a n a l y s i n g  l a r g e  p a r t i c l e s  f r o m
s o u r c e s  w h i c h  p r o d u c e  b o t h  l a r g e  a n d  A i t k e n  p a r t i c l e s .
The  m a j o r  s o u r c e s  o f  A i t k e n  p a r t i c l e s  a r e  t h e  h i g h l y
p o p u l a t e d  a r e a s  w i t h  much i n d u s t r y ;  t h u s  t h e
c o n c e n t r a t i o n  o f  A i t k e n  p a r t i c l e s  may b e  u s e d  a s  a
r o u g h  g u i d e  t o  a t m o s p h e r i c  p o l l u t i o n .  T h i s  v i e w  i s
s u p p o r t e d  by  t h e  f o l l o w i n g  f i g u r e s ,  w h i c h  show t h e
3 . . .n u m b e r  o f  A i t k e n  p a r t i c l e s  i n  1 cm o f  a i r  m  d i f f e r e n t  
e n v i r o n m e n t s ^ .
E n v i r o n m e n t C o n c e n t r a t i o n
O c e a n i c  a n d  P o l a r < 1 00 0
R u r a l 1 0 0 0  - 5 0 0 0
S u b u r b a n 5 0 0 0  - 5 0 0 0 0
U r b a n  a n d  I n d u s t r i a l > 5 0 0 0 0
The c o m p o s i t i o n  o f  l a r g e  a n d  g i a n t  p a r t i c l e s  i s  
m o r e  c o m p l e x .  E a c h  p a r t i c l e  c o n t a i n s  v a r y i n g  
p r o p o r t i o n s  o f  s o l u b l e  a n d  i n s o l u b l e  s u b s t a n c e s ;  t h i s  
m i x t u r e  c a n  b e  e x p l a i n e d  by  t h e  f o l l o w i n g  p r o c e s s e s :
( a )  C o a g u l a t i o n  w i t h  o t h e r  p a r t i c l e s  o f  
d i f f e r e n t  o r i g i n .
( b )  M o d i f i c a t i o n  o f  p a r t i c l e  c o m p o s i t i o n  i n  
w a t e r  c l o u d s  d u e  t o  r e p e a t e d  c y c l e s  o f  
c o n d e n s a t i o n  a n d  e v a p o r a t i o n  o f  c l o u d  
d r o p l e t s .
( c )  F o r m a t i o n  o f  c o m p o u n d s  b y  g a s  r e a c t i o n s  
o c c u r r i n g  on  t h e  s u r f a c e  o f  t h e  
p a r t i c l e ,  e . g .  f o r m a t i o n  o f  (NH^^SO^.  
f r o m  NH^ a n d  SC^*
The  f o l l o w i n g  t a b l e  s h o ws  t h e  c o m p o s i t i o n  o f  p a r t i c l e s  
a t  a r u r a l  s i t e  on  t h e  e a s t  c o a s t  o f  N o r t h  A m e r i c a ,  
n e a r  B o s t o n ;  t h e  f i g u r e s  a r e  t h e  a v e r a g e  o f  
m e a s u r e m e n t s  ma d e  d u r i n g  a p e r i o d  o f  t wo w e e k s .
C o n c e n t r a t i o n  (y g p e r  m2 o f  a i r )
S p e c i  e s L a r g e  p a r t i c l e s G i a n t  p a r t i c l e s
C l " 0 . 0 2 1.  7
Na + 0 . 1 0 1 . 6
SO.2 ” 3 . 0 0 . 9
NH + 0 . 7 0 . 1
NO" 0 . 0 5 0 . 9
The s o l u b l e  c o m p o n e n t  o f  t h e  l a r g e  p a r t i c l e s  was  
m a i n l y  ( N H ^ ^ S O ^ .  The  g i a n t  p a r t i c l e s  c o n t a i n e d  much
•f* - “
l e s s  NH^ , b u t  r a t h e r  mo r e  Cl  . I t  was  n o t e d  t h a t  t h e  
Cl  c o n t e n t  o f  g i a n t  p a r t i c l e s  i n c r e a s e d  w i t h  t h e  
a r r i v a l  o f  f r e s h  m a r i t i m e  a i r ,  w h i l e  t h e  Cl  c o n t e n t  o f  
t h e  l a r g e  p a r t i c l e s  d e c r e a s e d ;  t h i s  s u g g e s t e d  t h a t  t h e  
l a r g e  p a r t i c l e s  w i t h  a h i g h  Cl  c o n t e n t  w e r e  n o t  
a s s o c i a t e d  w i t h  s e a  s a l t ,  b u t  w e r e  p r o b a b l y  p r o d u c e d  b y  
i n d u s t r i a l  p r o c e s s e s .
The  i n s o l u b l e  c o m p o n e n t  o f  a e r o s o l  p a r t i c l e s  i s
m o s t l y  o r g a n i c  m a t e r i a l .  Much o f  t h i s  i s  p r o d u c e d  i n
u r b a n  a r e a s ,  a l t h o u g h  t h e r e  i s  a n a t u r a l  o r g a n i c
c o m p o n e n t  r e l e a s e d  by  t h e  b i o s p h e r e ,  e . g .  c o n i f e r o u s
f o r e s t s  a n d  d e c o m p o s i n g  o r g a n i c  m a t t e r .  I n  p o l l u t e d
a r e a s  t h e  a e r o s o l  p a r t i c l e s  u s u a l l y  c o n t a i n  some a s h ;
i n  u n p o l l u t e d  r e g i o n s  t h i s  i s  r e p l a c e d  by  m i n e r a l  d u s t .
An i n d i c a t i o n  o f  t h e  e f f e c t  o f  hu ma n  a c t i v i t y  on  t h e
29a t m o s p h e r i c  a e r o s o l  was  . g i v e n  b y  P e t e r s o n  , who 
e s t i m a t e d  t h a t  o n e  f i f t h  o f  t h e  t o t a l  ma s s  o f  p a r t i c l e s  
e m i t t e d  i n t o  t h e  a t m o s p h e r e  d u r i n g  1 968  was  f r o m  
a n t h r o p o g e n i c  s o u r c e s .
The m a r i t i m e  a e r o s o l  c o n s i s t s  o f  d r o p l e t s  w h i c h  
a r e  f o r m e d  when  a i r  b u b b l e s  b u r s t  i n  t h e  s e a .  Two 
m e c h a n i s m s  a r e  i n v o l v e d :
( a )  B r e a k i n g  o f  t h e  f i l m  w h i c h  s u r r o u n d s  t h e  
b u b b l e ;  t h i s  p r o d u c e s  s m a l l  p a r t i c l e s
N)
( r  < 1 y m ) , p o s s i b l y  200  p e r  b u b b l e .  Mo s t  
o f  t h e  s e a - s p r a y  p a r t i c l e s  a r e  f o r m e d  by  
t h i s  p r o c e s s .
( b )  D i s i n t e g r a t i o n  o f  t h e  j e t  o f  w a t e r  w h i c h  i s  
f o r m e d  wh e n  t h e  b u b b l e  b u r s t s ;  t h i s  p r o d u c e s  
much l a r g e r  p a r t i c l e s  t h a n  ( a ) ,  p e r h a p s  10 
p e r  b u b b l e .
The  s i z e  a n d  r a t e  o f  p r o d u c t i o n  o f  s e a - s a l t  p a r t i c l e s
d e p e n d  on  t h e  s i z e  a n d  r a t e  o f  p r o d u c t i o n  o f  a i r
b u b b l e s ,  a n d  on t h e  w i n d  s p e e d .  T h e s e  p a r t i c l e s
c o n t a i n  a h i g h  p r o p o r t i o n  o f  s o l u b l e  m a t e r i a l ^  t h u s
t h e i r  p r o p e r t i e s  d e p e n d  on t h e  p r e v a i l i n g  r e l a t i v e
h u m i d i t y ;  wh e n  t h e  h u m i d i t y  e x c e e d s  75% t h e  p a r t i c l e s
e x i s t  a s  d r o p l e t s  o f  s a l t  s o l u t i o n .  N e w l y - f o r m e d
d r o p l e t s  h a v e  t h e  s ame  c o m p o s i t i o n  a s  s e a  w a t e r ? b u t
t h e y  a r e  q u i c k l y  m o d i f i e d  by  r e a c t i o n s  w i t h  o t h e r
30 .a t m o s p h e r i c  g a s e s .  M e s z a r o s  i n v e s t i g a t e d  t h e  
c o m p o s i t i o n  o f  t h e  m a r i t i m e  a e r o s o l  i n  t h e  s o u t h e r n  
h e m i s p h e r e ;  h e  f o u n d  t h a t  t h e  m a i n  c o n s t i t u e n t s  w e r e  
ammoni um s u l p h a t e  a n d  s e a - s a l t  ( s o d i u m  c h l o r i d e ) ,  w i t h  
a l i t t l e  s u l p h u r i c  a c i d .
T h e r e  a r e  a v a r i e t y  o f  m e c h a n i s m s  b y  w h i c h  a e r o s o l  
p a r t i c l e s  c a n  be  r e m o v e d  f r o m  t h e  a t m o s p h e r e .  The  m o s t  
i m p o r t a n t  o f  t h e s e  i s  " w e t "  r e m o v a l ,  w h i c h  o c c u r s  i n  
t wo w a y s :
R a i n o u t  -  t h e  i n c o r p o r a t i o n  o f  p a r t i c l e s  i n t o  c l o u d  
d r o p l e t s  i n s i d e  t h e  c l o u d .
W a s h o u t  -  t h e  r e m o v a l  o f  p a r t i c l e s  by  f a l l i n g  
p r e c i p i t a t i o n  b e l o w  t h e  c l o u d .
T h e r e  a r e  t h r e e  w a y s  i n  w h i c h  a p a r t i c l e  may b e c o m e  
i n c o r p o r a t e d  i n t o  a c l o u d  d r o p l e t :
( a )  i n c l u s i o n  a s  a c o n d e n s a t i o n  n u c l e u s .
( b )  a t t a c h m e n t  t o  c l o u d  d r o p l e t s  by  B r o w n i a n  m o t i o n .
( c )  a t t a c h m e n t  b y  t h e  F a c y  e f f e c t  -  p a r t i c l e s  
s u s p e n d e d  i n  a m i x t u r e  o f  w a t e r  v a p o u r  a n d  a i r  
w i l l  move  a l o n g  t h e  v a p o u r  p r e s s u r e  g r a d i e n t  
b e c a u s e  o f  t h e  f o r c e  e x e r t e d  on t h e m  by  t h e  
d i f f u s i n g  v a p o u r  m o l e c u l e s .  T h i s  p r o c e s s  i s  
l e s s  e f f e c t i v e  t h a n  ( b ) .
The  c o n d e n s a t i o n  p r o c e s s  ( a )  i s  t h e  m o s t  e f f i c i e n t  f o r
t h e  r e m o v a l  o f  a e r o s o l  ma s s  b e c a u s e  i t  a f f e c t s  t h e  l a r g e
a n d  g i a n t  p a r t i c l e s .  A i t k e n  p a r t i c l e s  a r e  r e m o v e d  by
B r o w n i a n  m o t i o n  a n d  t h e  F a c y  e f f e c t .  W a s h o u t  o c c u r s
wh e n  r a i n  d r o p s  p i c k  up a e r o s o l  p a r t i c l e s  a f t e r  l e a v i n g
t h e  c l o u d ;  t h i s  a f f e c t s  g i a n t  p a r t i c l e s ,  a n d  i s  o n l y
i m p o r t a n t  wh e n  m o s t  o f  t h e  a e r o s o l  i s  b e l o w  t h e  c l o u d
b a s e .  The  r a t e  o f  " w e t "  r e m o v a l  d e p e n d s  on  t h e  r a t e  o f
31r a i n f a l l  a n d  t h e  w a t e r  c o n t e n t  o f  t h e  c l o u d s .  R o d h e  
i n v e s t i g a t e d  t h e  p r e c i p i t a t i o n  s c a v e n g i n g  ( " w e t "  
r e m o v a l )  p r o c e s s e s ,  a n d  t a k i n g  i n t o  a c c o u n t  t h e  
d i s t r i b u t i o n  o f  w e t  a n d  d r y  p e r i o d s  t h r o u g h o u t  t h e  y e a r ,  
h e  e s t i m a t e d  t h a t  t h e  l i f e t i m e  o f  a e r o s o l  p a r t i c l e s  
w o u l d  b e  100 -  300  h o u r s  i n  t h e  s u m m e r ,  a n d  35 -  80 
h o u r s  d u r i n g  t h e  w i n t e r .
T h e r e  a r e  a l s o  " d r y "  r e m o v a l  p r o c e s s e s ;  t h e y  a r e  
s e d i m e n t a t i o n  a n d  i m p a c t i o n  on o b s t a c l e s  a t  t h e  e a r t h ’ s 
s u r f a c e .  T h e r e  i s  l i t t l e ,  i n f o r m a t i o n  a v a i l a b l e  on 
t h e s e  p r o c e s s e s ,  p a r t i c u l a r l y  on i m p a c t i o n ;  h o w e v e r ,  
c a l c u l a t i o n s  on s e d i m e n t a t i o n  h a v e  p r o v i d e d  t h e  
f o l l o w i n g  e s t i m a t e s  f o r  p a r t i c l e  l i f e t i m e s .
r  (ym) 1 2 10 20
l i f e t i m e  ( d a y s ) 220 58 21 0 . 5 8
4 . 1 . 2  A e r o s o l s  i n  t h e  S t r a t o s p h e r e  a n d  M e s o s p h e r e
The m a i n  f e a t u r e s  o f  t h e  s t r a t o s p h e r i c  a e r o s o l  a r e
now w e l l  e s t a b l i s h e d ,  a s  a r e s u l t  o f  w o r k  d o n e  d u r i n g
t h e  p a s t  t w e n t y  y e a r s ;  t h e  p r e s e n t  s t a t e  o f  k n o w l e d g e
32 33 34h a s  b e e n  s u m m a r i s e d  i n  r e c e n t  r e v i e w s  ’ * a n d  i s
o u t l i n e d  h e r e .
The  b u l k  o f  t h e  a e r o s o l  i s  c o n c e n t r a t e d  i n  a
w o r l d - w i d e  l a y e r  w h i c h  e x t e n d s  f r o m  a b o u t  3 km t o  9 km
a b o v e  t h e  l o c a l  t r o p o p a u s e .  The  p a r t i c l e  s i z e
d i s t r i b u t i o n  h a s  a d i s c o n t i n u i t y  a t  r  = 2 ym;  t h e r e  i s
a c o r r e s p o n d i n g  c h a n g e  i n  t h e  c h e m i c a l  c o m p o s i t i o n ,
w h i c h  s u g g e s t s  t h a t  p a r t i c l e s  i n  t h e  t wo s i z e  r a n g e s
h a v e  d i f f e r e n t  o r i g i n s .
The  s m a l l e r  p a r t i c l e s  , ( r  < 2 ym) a r e  h y g r o s c o p i c ,
2 -a n d  a r e  c o m p o s e d  m a i n l y  o f  s u l p h a t e s  (SO^ ) ;  i t  wa s  
o r i g i n a l l y  t h o u g h t  t h a t  t h e  p a r t i c l e s  c o n s i s t e d  s o l e l y  
o f  ammoni um s u l p h a t e .  The  t a b l e  t h a t  f o l l o w s  s h o w s  t h e  
c o n c e n t r a t i o n s  o f  ammoni um a n d  s u l p h a t e  i o n s  i n  f o u r  
s a m p l e s  o f  a e r o s o l  c o l l e c t e d  o v e r  t h e  U n i t e d  S t a t e s ;
t h e  t h i r d  c o l u m n  ( m a r k e d  " t h e o r e t i c a l " )  s h o ws  t h e
• "f*c o n c e n t r a t i o n  o f  NH^ t h a t  w o u l d  b e  r e q u i r e d  i f  a l l  t h e  
s u l p h a t e  o c c u r r e d  a s  ammoi i ium s u l p h a t e .
3C o n c e n t r a t i o n  ( yg  p e r  m o f  a i r )
SO,4 NH,4 T h e o r e t i c a l
0 . 2 0 0 . 0 0 3 3 0 . 0 7 5
0 . 1 0 0 . 0 0 2  5 0 . 0 3  8
0 . 1 0 0 . 0 0 0 0 0 .  038
0 . 0 2  8 0 . 0 0 2 7 0 . 0 1 0
•  •  •  •  *fC l e a r l y  t h e r e  i s  i n s u f f i c i e n t  NH^ t o  a c c o u n t  f o r  a l l
t h e  s u l p h a t e  i f  i t  e x i s t s  o n l y  a s  ( N H ^ ^ S O ^ .  T h e r e  i s
now s ome e v i d e n c e  t h a t  t h e  s m a l l e s t  p a r t i c l e s  a r e
c o m p o s e d  o f  s u l p h u r i c  a c i d  a n d  t h e  l a r g e r  o n e s  c o n t a i n
35a mmoni um s u l p h a t e  . The  n i t r a t e  c o n t e n t  o f  t h e  a e r o s o l
i s  s t i l l  a m a t t e r  f o r  d e b a t e ;  s ome  w o r k e r s  h a v e  f o u n d
- 3
c o n c e n t r a t i o n s  o f  0 . 1  -  0 . 3  y g . m  , w h i l e  o t h e r s  h a v e  n o t  
d e t e c t e d  a n y  s i g n i f i c a n t  a m o u n t '  o f  n i t r a t e .  T h i s  
d i s c r e p a n c y  may b e  d u e  t o  t h e  d i f f e r e n t  p r o p e r  t i e s  o f  t h e  
i n e r t  f i l t e r s  on  w h i c h  t h e  a e r o s o l  p a r t i c l e s  w e r e  . c o l l e c t e d .
The  l a r g e r  p a r t i c l e s  ( r  > 2 ym) h a v e  a d i f f e r e n t  
c o m p o s i t i o n ;  t h e y  c o n t a i n  v e r y  l i t t l e "  s u l p h a t e ,  a n d  
c o n s i s t  o f  I r o n ,  N i c k e l ,  S i l i c o n  a n d  s i m i l a r  e l e m e n t s  
i n  p r o p o r t i o n s  w h i c h  s t r o n g l y  s u g g e s t  t h a t  t h e  
p a r t i c l e s  a r e  o f  e x t r a t e r r e s t r i a l  o r i g i n .
The  s i z e  a n d  c h e m i c a l  c o m p o s i t i o n  o f  s t r a t o s p h e r i c  
a e r o s o l  p a r t i c l e s  a r e  d i r e c t l y  r e l a t e d  t o  t h e i r  o r i g i n .
Above  t h e  t r o p o p a u s e ,  t h e  c o n c e n t r a t i o n  o f  A i t k e n
p a r t i c l e s  d e c r e a s e s  r a p i d l y  w i t h  i n c r e a s i n g  a l t i t u d e  up
t o  a b o u t  2.0 km;  t h e  c o n c e n t r a t i o n  t h e n  r e m a i n s  c o n s t a n t
3 6a t  h i g h e r  a l t i t u d e s .  R e c e n t  m e a s u r e m e n t s  h a v e
i n d i c a t e d  t h a t  t h i s  c o n s t a n t  v a l u e  may b e  a p p r o x i m a t e l y
3 . .10 p a r t i c l e s  p e r  cm , w h i c h  i s  an  o r d e r  o f  m a g n i t u d e
b i g g e r  t h a n  t h e  f i g u r e s  o b t a i n e d  i n  e a r l i e r
i n v e s t i g a t i o n s .  The  c h e m i c a l  c o m p o s i t i o n  a n d  v e r t i c a l
d i s t r i b u t i o n  o f  t h e  A i t k e n  p a r t i c l e s  s u g g e s t  t h a t  t h e y
a r e  o f  t e r r e s t r i a l  o r i g i n ;  t h e y  a r e  f o r m e d  i n  t h e
t r o p o s p h e r e ,  a n d  p r o b a b l y  e n t e r  t h e  s t r a t o s p h e r e  b y
c o n v e c t i v e  m i x i n g  a c r o s s  t h e  t r o p o p a u s e .
The  s t r a t o s p h e r i c  a e r o s o l  l a y e r  i s  f o r m e d  by  t h e
p a r t i c l e s  o f  i n t e r m e d i a t e  s i z e  ( 0 . 1  < r  < 2 y m ) ; t h e i r
- 3c o n c e n t r a t i o n  r e a c h e s  a maxi mum o f  a b o u t  0 . 1  cm a t  
20 1cm i n  m i d d l e  l a t i t u d e s .  T h i s  i n d i c a t e s  t h a t  t h e y  
a r e  f o r m e d  i n  t h e  s t r a t o s p h e r e ;  s e v e r a l  p r o c e s s e s  h a v e  
b e e n  s u g g e s t e d  f o r  t h e  f o r m a t i o n :
( a )  C o a g u l a t i o n  o f  A i t k e n  p a r t i c l e s ;  t h i s  may b e  
i m p o r t a n t  b e c a u s e  o f  t h e  l o n g  r e s i d e n c e  t i m e s  
o f  s t r a t o s p h e r i c  p a r t i c l e s .
( b )  F o r m a t i o n  o f  s u l p h u r i c  a c i d ,  f r o m  H^S a n d  S O ^ ; 
t h e s e  g a s e s  e n t e r  t h e  s t r a t o s p h e r e  f r o m  t h e  
t r o p o s p h e r e  by  v e r t i c a l  m i x i n g  due  t o  s m a l l -  
s c a l e  t u r b u l e n c e  a n d  d i f f u s i o n .  When s u l p h u r i c  
a c i d  v a p o u r  i s  f o r m e d  i t  c o n d e n s e s  on A i t k e n  
p a r t i c l e s ,  a n d  m a y ' t h e n  r e a c t  w i t h  a mmo n i a  t o  
f o r m  ammoni um s u l p h a t e .  T h e s e  g a s e s  o c c u r  i n  
t h e  t r o p o s p h e r e ,  b u t  i t  i s  n o t  known  w h e t h e r  
t h e i r  c o n c e n t r a t i o n s  i n  t h e  s t r a t o s p h e r e  a r e
s u f f i c i e n t  t o  a c c o u n t  f o r  t h e  m a s s  o f  a e r o s o l  
p r e s e n t .
( c )  R e a c t i o n s  i n v o l v i n g  h y d r o u s  i o n s ,  e . g .
•j*  ^ ^
(H^O) . n ( H 9 0 ) ;  t h e s e  i o n s  a c t  a s  p r i m a r y  n u c l e i  
w h i c h  f a c i l i t a t e  r e a c t i o n s  b e t w e e n  t h e  g a s e s .
The  t h i r d  c o m p o n e n t  ( r  > 2 ym) o f  t h e  s t r a t o s p h e r i c  
a e r o s o l  a c c o u n t s  f o r  a b o u t  10% o f  t h e  t o t a l  m a s s ,  a n d  
i t  a p p e a r s  t o  be  o f  e x t r a t e r r e s t r i a l  o r i g i n .  The  s i z e  
a n d  c h e m i c a l  c o m p o s i t i o n  o f  t h e s e  p a r t i c l e s  s u g g e s t  
t h a t  t h e y  a r e  n o t  f o r m e d  i n  t h e  t r o p o s p h e r e ;  t h e i r  
v e r t i c a l  d i s t r i b u t i o n  i n d i c a t e s  a s o u r c e  a b o v e  25 km 
a l t i t u d e .  T h e i r  c o n c e n t r a t i o n  v a r i e s  c o n s i d e r a b l y  a n d  
s e e ms  t o  be  c o r r e l a t e d  w i t h  m e t e o r  s h o w e r s .  The  
p a r t i c l e s  may be  d e b r i s  f r o m  m e t e o r s  w h i c h  h a v e  b u r n e d  
up i n  t h e  a t m o s p h e r e ;  t h e  m e l t e d  m a t e r i a l  o f t e n  o c c u r s  
a s  s m a l l  s p h e r e s  o f  i r o n  o x i d e s .  A n o t h e r  s o u r c e  o f  
e x t r a t e r r e s t r i a l  m a t e r i a l  i s  t h e  z o d i a c a l  c l o u d ,  w h i c h  
i s  a b e l t  o f  d u s t  a r o u n d  t h e  s u n  i n  t h e  p l a n e  o f  t h e  
e a r t h ’ s o r b i t ;  some o f  t h i s  d u s t  e n t e r s  t h e  u p p e r  
a t m o s p h e r e  a n d  may c o n t r i b u t e  t o  t h e  s t r a t o s p h e r i c  
a e r o s o l .  L a r g e  p a r t i c l e s  a r e  i n j e c t e d  f r o m  t h e
t r o p o s p h e r e  i n t o  t h e  s t r a t o s p h e r e  by  v i o l e n t  n a t u r a l
37 . . .e v e n t s  ; p a r t i c l e s  s i m i l a r  t o  t h o s e  p r o d u c e d  by
b u r n i n g  wood h a v e  b e e n  f o u n d  a f t e r  e x t e n s i v e  f o r e s t
f i r e s ,  a n d  v o l c a n i c  e r u p t i o n s  h a v e  p r o d u c e d  c l o u d s  o f
f i n e  l a v a  a n d  s u l p h u r - r i c h  p a r t i c l e s  i n  t h e  s t r a t o s p h e r e .
T h e r e  h a v e  b e e n  a f e w  i n v e s t i g a t i o n s  o f  p a r t i c l e s
i n  t h e  u p p e r  s t r a t o s p h e r e  d u r i n g  r e s e a r c h  c o n c e r n e d
w i t h  n o c t i l u c e n t  c l o u d s ,  w h i c h  o c c u r  a t  80 -  90 km 
38a l t i t u d e  . The  c l o u d  p a r t i c l e s  w e r e  f o u n d  t o  c o n s i s t
o f  a n u c l e u s  c o a t e d  w i t h  f r o z e n  w a t e r  v a p o u r ;  t h e  
n u c l e i  w e r e  c e r t a i n l y  o f  e x t r a t e r r e s t r i a l  o r i g i n  
b e c a u s e  t h e y  c o n t a i n e d  u n u s u a l  p r o p o r t i o n s  o f  e l e m e n t s  
w i t h  h i g h  a t o m i c  w e i g h t s ,  e . g .  Hf  a n d  Ta .  I t  was  
s u g g e s t e d  t h a t  some o f  t h e  n u c l e i  h a d  o r i g i n a t e d  i n  t h e  
s u n ,  a n d  m i g h t ,  t h e r e f o r e ,  c a r r y  a n  e l e c t r i c  c h a r g e ;  
t h i s  c o u l d  e x p l a i n  t h e  s e a s o n a l  v a r i a t i o n  i n  t h e  
o c c u r r e n c e  o f  n o c t i l u c e n t  c l o u d s  w h i c h  w o u l d  be  
i n f l u e n c e d  by  t h e  o r i e n t a t i o n  o f  t h e  e a r t h ’ s m a g n e t i c  
a x i s  t o  t h e  s u n .
The  o n l y  p r o c e s s e s  by  w h i c h  p a r t i c l e s  a r e  r e m o v e d  
f r o m  t h e  s t r a t o s p h e r e  a r e  c o a g u l a t i o n ,  d i f f u s i o n  a n d  
s e d i m e n t a t i o n ;  c o n s e q u e n t l y ,  t h e  p a r t i c l e s  h a v e  v e r y  
l o n g  r e s i d e n c e  t i m e s  a n d  may r e m a i n  i n  t h e  s t r a t o s p h e r e  
f o r  many y e a r s .
4 . 2  PARTICLE SIZE DISTRIBUTIONS
One o f  t h e  i m p o r t a n t  p h y s i c a l  c h a r a c t e r i s t i c s  o f  
a n  a e r o s o l  i s  t h e  p a r t i c l e  s i z e  d i s t r i b u t i o n  (SD)  , 
w h i c h  i n d i c a t e s  t h e  n u m b e r  o f  p a r t i c l e s  l y i n g  w i t h i n  
a n y  p a r t i c u l a r  s i z e  r a n g e ;  i t  i s  m o s t  e a s i l y  
r e p r e s e n t e d  by  a h i s t o g r a m  w h i c h  s h o ws  t h e  
c o n c e n t r a t i o n  o f  p a r t i c l e s  a s  a  f u n c t i o n  o f  t h e i r  s i z e  
( r a d i u s ) .
The  SD c a n  b e  m e a s u r e d  d i r e c t l y  by  c o l l e c t i n g  a l l  
o f  t h e  p a r t i c l e s  f r o m  a known v o l u m e  o f  t h e  a e r o s o l  a n d  
c o u n t i n g  t h e  n u m b e r  o f  p a r t i c l e s  i n  e a c h  o f  s e v e r a l  
s m a l l  s i z e  i n t e r v a l s ,  c o v e r i n g  t h e  w h o l e  s i z e  r a n g e ;  a 
h i s t o g r a m  c a n  b e  c o n s t r u c t e d  f r o m  t h i s  d a t a .  Th e  SD 
may a l s o  be  f o u n d  b y  i n d i r e c t  m e t h o d s  w h i c h  d e p e n d  on
t h e  s c a t t e r i n g  o f  l i g h t  b y  t h e  a e r o s o l  p a r t i c l e s .  I n  
u s i n g  t h e s e  m e t h o d s ,  i t  i s  n e c e s s a r y  t o  ma ke  
a s s u m p t i o n s  a b o u t  t h e  SD f u n c t i o n  a n d  t h e  o p t i c a l  
p r o p e r t i e s  o f  t h e  p a r t i c l e s ;  t h e  i n t e n s i t y  o f  l i g h t  
s c a t t e r e d  by  t h e  a e r o s o l  c a n  t h e n  b e  c a l c u l a t e d  a n d  
c o m p a r e d  w i t h  t h e  m e a s u r e d  v a l u e .  The p a r a m e t e r s  i n  
t h e  SD f u n c t i o n  a r e  a d j u s t e d  u n t i l  a g r e e m e n t  i s  
o b t a i n e d  b e t w e e n  t h e  m e a s u r e m e n t s  a n d  t h e  c a l c u l a t i o n s .
4 . 2 . 1  S i z e  D i s t r i b u t i o n  F u n c t i o n s
I t  i s  c o n v e n i e n t  t o  r e p r e s e n t  t h e  a e r o s o l  s i z e  
d i s t r i b u t i o n  -by a ( m a t h e m a t i c a l l y )  c o n t i n u o u s  f u n c t i o n  
o f  t h e  p a r t i c l e  r a d i u s .  The  f o l l o w i n g  f o u r  
d i s t r i b u t i o n s  o c c u r  m o s t  f r e q u e n t l y :
( a )  The  O v e r s i z e  d i s t r i b u t i o n ,  N ( r ) ,  w h i c h
3r e p r e s e n t s  t h e  n u m b e r  o f  p a r t i c l e s  ( i n  1 cm 
o f  a e r o s o l )  w i t h  r a d i i  g r e a t e r  t h a n  r  ym.
( b )  The  U n d e r s i z e  d i s t r i b u t i o n ,  Nu ( r ) ,  w h i c h  
r e p r e s e n t s  t h e  c o n c e n t r a t i o n  o f  p a r t i c l e s  
w i t h  r a d i i  s m a l l e r l . t h a n  r  ym.
( c )  The  r a d i u s - n u m b e r  d i s t r i b u t i o n ,  n ( r ) ;  i t  i s  
d e f i n e d  so t h a t  n ( r ) . d r  i s  t h e  c o n c e n t r a t i o n  
o f  p a r t i c l e s  w i t h  r a d i i  b e t w e e n  r  a n d
r  + d r  ym . I t  i s  n e c e s s a r y  t o  c o n v e r t  t h e  
o t h e r  d i s t r i b u t i o n s  t o  n ( r )  f o r  u s e  i n  
c a l c u l a  t i o n s .
( d )  The  a t m o s p h e r i c  a e r o s o l  c o n t a i n s  a w i d e  r a n g e  
o f  p a r t i c l e  s i z e s  a n d  c o n c e n t r a t i o n s ;  i t  i s ,  
t h e r e f o r e ,  c o n v e n i e n t  t o  h a v e  a l o g a r i t h m i c  
d i s t r i b u t i o n  by w h i c h  t h e  SD c a n  b e
r e p r e s e n t e d  g r a p h i c a l l y .  The  l o g  r a d i u s - n u m b e r  
d i s t r i b u t i o n ,  w h i c h  i s  d e f i n e d  a s  dN ( r ) / d ( l o g  r ) , 
i s  u s e d  f o r  t h i s  p u r p o s e .
The  r e l a t i o n s  b e t w e e n  t h e s e  d i s t r i b u t i o n s  f o l l o w
f r o m  t h e i r  d e f i n i t i o n s .  L e t  t h e  r a d i i  o f  t h e  s m a l l e s t
a n d  l a r g e s t  p a r t i c l e s  i n  t h e  a e r o s o l  be  r ^  a n d  r 2 ,
r e s p e c t i v e l y ,  a n d  l e t  b e  t h e  t o t a l  n u mb e r  o f
3p a r t i c l e s  m  1 cm o f  t h e  a e r o s o l ;  t h e n  t h e  c o n c e n t r a t i o n
o f  p a r t i c l e s  w i t h  r a d i i  b e t w e e n  r  a n d  r + d r  i s :
n ( r ) . d r  = N ( r  + d r )  N ( r )  -  dN ( r )     ( 2 a )u u u
= N ( r )  -  N ( r  + d r )  = - d N ( r )    ( 2 b )
The  t o t a l  c o n c e n t r a t i o n • o f  p a r t i c l e s  i s :
r 2
r l
n ( r )  . d r    ( 3 a )
= Nu ( r 2 ) -  Nu ( r x )   ( 3 b )
= N ( r x ) ~ N ( r 2 )   ( 3 c )
Th e  r e l a t i o n  b e t w e e n  t h e  r a d i u s - n u m b e r  a n d  l o g  r a d i u s -
n u m b e r  d i s t r i b u t i o n s  i s  o b t a i n e d  f r o m  e q u a t i o n  ( 2 a ) :
d.Nu ( r  ) / d  ( l o g  r )  = r  . n  ( r ) . I n  ( 1 0 )    ( 4 )
V a r i o u s  m a t h e m a t i c a l  f u n c t i o n s  h a v e  b e e n  c h o s e n  t o
r e p r e s e n t  t h e  r a d i u s - n u m b e r  d i s t r i b u t i o n ;  t wo o f  t h e
mo r e  f r e q u e n t l y  u s e d  f u n c t i o n s  a r e  t h e  ’’m o d i f i e d  gamma
f u n c t i o n "  a n d  t h e  " J u n g e  p o w e r  l a w " .
Th e  m o d i f i e d  gamma d i s t r i b u t i o n  i s  d e f i n e d  by
n ( r )  = a r ^ e x p ( - c r ^ )      ( 5 )
By c h o o s i n g  d i f f e r e n t  v a l u e s  f o r  t h e  c o n s t a n t s  a ,  b ,  c
39a n d  d ,  D e i r m e n d j i a n  h a s  u s e d  t h i s  f u n c t i o n  t o  
r e p r e s e n t  t h e  v a r i o u s  a t m o s p h e r i c  a e r o s o l s  ( " h a z e s " ) .
The  J u n g e  p o w e r  l a w  ( J P L )  d i s t r i b u t i o n  was  
o r i g i n a l l y  d e f i n e d  b y  .
dN^ Cr )  / d ( l o g  r )  = Ar  ^   ( 6 )
When p l o t t e d  on a g r a p h  w i t h  l o g a r i t h m i c  s c a l e s ,  t h i s
• d i s t r i b u t i o n  b e c o m e s  a s t r a i g h t  l i n e  w i t h  s l o p e  - p .
F o r  u s e  i n  c a l c u l a t i o n s ,  t h e  J PL c a n  be  w r i t t e n  a s
n ( r )  = Ar  ^P + 1 ^ / l n ( 1 0 )     ( 7 )
. 2  Th e  C o n t i n e n t a l  A e r o s o l
J u n g e  r e v i e w e d  many  o f  t h e  m e a s u r e m e n t s  o f  t h e
c o n t i n e n t a l  a e r o s o l ,  a n d  h e  d e r i v e d  t h e  m o d e l  SD w h i c h
i s  s h o wn  i n  f i g .  7.  The  s i g n i f i c a n t  f e a t u r e  o f  t h i s
c u r v e  i s  t h a t  i t  a p p r o x i m a t e s  t o  a s t r a i g h t  l i n e ,  i n
t h e  r a n g e  0 . 1  < r  < 10 Jim;  t h e  l i n e a r  r e g i o n
c o r r e s p o n d s  t o  t h e  J PL o f  e q u a t i o n  ( 6 ) ,  w i t h  p = 3.
The  l i n e a r  r e g i o n  i s  a c h a r a c t e r i s t i c  o f  t h e  SD
o f  c o n t i n e n t a l  a e r o s o l s  e v e r y w h e r e ,  a l t h o u g h  t h e  v a l u e
o f  p v a r i e s  f r o m  p l a c e  t o  p l a c e ;  N o l l 4 ^ m e a s u r e d  t h e
SD i n  S e a t t l e  (USA) a n d  o b t a i n e d  p = 2 . 7 .
41War d  u s e d  a n  i n d i r e c t  m e t h o d ;  he  c h o s e  a n
o v e r s i z e  d i s t r i b u t i o n  f u n c t i o n  o f  t h e  f o r m
N ( r )  = Nq / ( 1  + ( r / u ) V)   ( 8 )
He m e a s u r e d  t h e  s u n l i g h t  a n d  l a s e r  l i g h t  s c a t t e r e d  by
a e r o s o l  p a r t i c l e s ,  a n d  o b t a i n e d  t h e  f o l l o w i n g  v a l u e s :
N = 1 0 4 , u = 0 . 0 5 ,  v = 3 . 5  
°
F o r  l a r g e  v a l u e s  o f  r  ( r  >> 0 . 0 5 )  t h i s  f u n c t i o n  i s  
s i m i l a r  t o  a J P L  w i t h  p = 3 . 5 .
D e i r m e n d j i a n  h a s  p r o p o s e d  a m o d e l ,  " H a z e  L " ,  t o  
r e p r e s e n t  t h e  SD o f  c o n t i n e n t a l  a e r o s o l s ;  i t  i s  
n ( r ) = 4.  9 7 5 7  x 1 0 6 r 2 e x p ( - 1 5 . 1 1 8 6  r 0 , 5 )   ( 9 )
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F i g .  7 S i z e  D i s t r i b u t i o n s  o f  t h e  C o n t i n e n t a l  A e r o s o l
The  c u r v e s  r e p r e s e n t e d  by  e q u a t i o n s  ( 8 )  a n d  ( 9 )
a r e  c o m p a r e d  w i t h  J u n g e ’ s m o d e l  i n  f i g .  7;  t h e  c u r v e s
h a v e  b e e n  n o r m a l i s e d  ( u s i n g  e q u a t i o n  ( 3 a ) )  s o  t h a t
e a c h  r e p r e s e n t s  a n  a e r o s o l  w i t h  1 3 5 7 0  p a r t i c l e s  l a r g e r
3
t h a n  0 . 0 1  ym,  p e r  cm .
4 . 2 . 3  The  M a r i t i m e  ( O c e a n i c )  A e r o s o l
30M e s z a r o s  h a s  r e c e n t l y  ( 1 9 7 1 / 2 )  m e a s u r e d  t h e  SD 
o f  m a r i t i m e  a e r o s o l s  i n  t h e  S o u t h e r n  A t l a n t i c  a n d  
I n d i a n  O c e a n s .  The  SD o b t a i n e d  i n  l a t i t u d e s  6 0 ° -  6 5 ° S  
i n  t h e  A t l a n t i c  O c e a n  i s  s h o wn  i n  f i g .  8 ,  t o g e t h e r  
w i t h  t h e  c u r v e  p u b l i s h e d  by  J u n g e  t e n  y e a r s  e a r l i e r  ; 
t h e  s i m i l a r i t y  b e t w e e n  t h e  s h a p e s  o f  t h e s e  t wo c u r v e s  
s u g g e s t s  t h a t  t h i s  f o r m  o f  SD i s  a p e r m a n e n t  f e a t u r e  
o f  m a r i t i m e  a r e a s .
The  c u r v e s  a r e  c h a r a c t e r i s e d  by  a c o n c a v e  r e g i o n  
a r o u n d  r  = 0 . 1  -  1 . 0  ym,  w h i c h  i n d i c a t e s  t h a t  t h e  
m a r i t i m e  a e r o s o l  c o n t a i n s  r e l a t i v e l y  f e w e r  p a r t i c l e s  
t h a n  t h e  c o n t i n e n t a l  a e r o s o l  i n  t h i s  s i z e  r a n g e .
D e i r m e n d j i a n 1s m a r i t i m e  a e r o s o l  m o d e l ,  " H a z e  M" , 
i s  a l s o  s hown  i n  f i g .  8 ;  i t  i s  d e f i n e d  b y
n ( r )  = 5 . 3 3 3 3  x 1 0 ^  r  e x p ( - 8 . 9 4 4 3  r ^ * ^ )  . . . . . . .  ( 1 0 )
A l l  o f  t h e  c u r v e s  i n  f i g .  8 h a v e  b e e n  n o r m a l i s e d  t o  a
3c o n c e n t r a t i o n  o f  38 p a r t i c l e s  w i t h  r  > 0 . 0 3  ym p e r  cm 
o f  a e r o s o l .
4 . 2 . 4  The  S t r a t o s p h e r i c  A e r o s o l
J u n g e ^  c o l l e c t e d  s t r a t o s p h e r i c  a e r o s o l  p a r t i c l e s  
a t  20 km a l t i t u d e  a n d  m e a s u r e d  t h e i r  s i z e  d i s t r i b u t i o n  
w h i c h  i s  s h o wn  i n  f i g .  9 ;  t h e  SD i n  t h e  r a n g e
r  = 0 . 1  -  1 . 0  ym ( t h e '  r e g i o n  o f  maxi mum s e n s i t i v i t y  o f
t h e  m e a s u r i n g  e q u i p m e n t )  c o u l d  b e  r e p r e s e n t e d  b y  a J P L
J  u n g e
Ha z e  M
- 3  - 2  - 1  0  1D 10 10 1 10 10
r  (ym)
S i z e  D i s t r i b u t i o n s  o f  t h e  M a r i t i m e  A e r o s o l
w i t h  p = 2 .  At  h i g h e r  a l t i t u d e s  t h e r e  a r e  f e w e r
s m a l l e r  p a r t i c l e s  ( r  < 0 . 1  ym) t h a n  a t  20  km.
34R o s e n  h a s  r e v i e w e d  many  o f  t h e  m e a s u r e m e n t s  
r e p o r t e d  p r i o r  t o  1 9 6 9 ,  a n d  h e  f o u n d  g o o d  a g r e e m e n t  
b e t w e e n  t h e  r e s u l t s  o b t a i n e d  b y  r e s e a r c h e r s  u s i n g  b o t h  
d i r e c t  a n d  i n d i r e c t  t e c h n i q u e s ;  r e c e n t  m e a s u r e m e n t s
^  3
( e . g .  C u n n o l d  ) c o n t i n u e  t o  c o n f i r m  t h e  e a r l i e r  
r e s u l t s . '
D e i r m e n d j i a n ’ s s t r a t o s p h e r i c  a e r o s o l  m o d e l ,
" H a z e  H" ,  i s  a l s o  s hown i n  f i g .  9 ;  i t  i s  d e f i n e d  by  
n ( r ) = 4 . 0 0 0 0  x 1 0 5 r 2 e x p ( - 2 0 . 0 0 0 0  r )     . ( 1 1 )
B o t h  o f  t h e  c u r v e s  i n  f i g .  9 a r e  n o r m a l i s e d  t o  1. 7-66
. . 3
p a r t i c l e s  w i t h  r  > 0 . 0 3  ym,  p e r  cm o f  a e r o s o l .
THE VERTICAL DISTRIBUTION OF AEROSOL PARTICLES
The  v e r t i c a l  d i s t r i b u t i o n  o f  a t m o s p h e r i c  a e r o s o l  
p a r t i c l e s  h a s  b e e n  t h o r o u g h l y  i n v e s t i g a t e d  d u r i n g  t h e  
p a s t  t w e n t y  y e a r s .  The  f o l l o w i n g  d i s c u s s i o n  o u t l i n e s  
s ome  o f  t h e  d i f f e r e n t  e x p e r i m e n t a l  t e c h n i q u e s  w h i c h  
h a v e  b e e n  u s e d ,  t o g e t h e r  w i t h  t h e  r e s u l t s  o b t a i n e d .
Mor e  i n f o r m a t i o n  on  t h i s  s u b j e c t  c a n  b e  f o u n d  i n  t h e
34 44 45r e v i e w s  by  R o s e n  , R o z e n b e r g  a n d  Zu e v
. 1  D i r e c t  M e t h o d s
D i r e c t  m e t h o d s  a r e  t h o s e  i n  w h i c h  t h e  m e a s u r i n g
e q u i p m e n t  i s  c a r r i e d  b y  a b a l l o o n  o r  a i r c r a f t ;  a t
v a r i o u s  a l t i t u d e s  t h e  a e r o s o l  p a r t i c l e s  c a n  b e
c o l l e c t e d  o r  c o u n t e d ,  d e p e n d i n g  on  t h e  p u r p o s e  o f  t h e
e x p e r i m e n t .
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F i g .  9 S i z e  D i s t r i b u t i o n s  o f  t h e  S t r a t o s p h e r i c  A e r o s o l
The d i s t r i b u t i o n s  o f  A i t k e n  p a r t i c l e s  a n d  l a r g e
^  2  ^  ^  
p a r t i c l e s  w e r e  m e a s u r e d  by  J u n g e  a n d  C h a g n o n  u s i n g
b a l l o o n - b o r n e  e q u i p m e n t .  A i t k e n  p a r t i c l e s  w e r e
c o u n t e d  by  me a n s  o f  a n  e x p a n s i o n  c l o u d - c h a m b e r ;  w a t e r
v a p o u r  wa s  ma de  t o  c o n d e n s e ,  on  t h e  p a r t i c l e s ,  a n d  t h e
r e s u l t i n g  d r o p l e t s  w e r e  p h o t o g r a p h e d  so  t h a t  t h e i r
c o n c e n t r a t i o n  c o u l d  be  d e t e r m i n e d .  The  d i s t r i b u t i o n
o f  A i t k e n  p a r t i c l e s  was  m e a s u r e d  on s e v e n  s e p a r a t e
o c c a s i o n s  d u r i n g  a o n e  y e a r  p e r i o d  ( 1 9 5 9 / 6 0 ) ;  t h e  me a n
o f  t h e s e  s e v e n  p r o f i l e s  i s  s h o wn  i n  f i g .  10.; c u r v e  ( 2 ) .
The  e q u i p m e n t  wa s  u n a b l e  t o  m e a s u r e  p a r t i c l e
- 3
c o n c e n t r a t i o n s  m  e x c e s s  o f  500  cm , t h u s  t h e  p a r t  o f  
t h e  c u r v e  b e l o w  6 k m . ( s h o w n  a s  a b r o k e n  l i n e )  i s  a n  
e s t i m a t e  b a s e d  on  t h e  r e s u l t s  o f  o t h e r  w o r k e r s .
L a r g e  p a r t i c l e s  w e r e  c o l l e c t e d  on i n e r t  f i l t e r s  
d u r i n g  f i v e  f l i g h t ' s ,  a n d  t h e  me a n  v e r t i c a l  
d i s t r i b u t i o n  d e r i v e d  f r o m  t h e s e  m e a s u r e m e n t s  i s  s h o wn  
i n  f i g .  1 0 ,  c u r v e  ( 1 ) .  The  p a r t i c l e  c o l l e c t o r s  w e r e  
d e s i g n e d  f o r  o p e r a t i o n  i n  t h e  s t r a t o s p h e r e  a n d  c o u l d  
n o t  b e  u s e d  b e l o w  10 km a l t i t u d e ;  i n  t h i s  r e g i o n  t h e  
c u r v e  ( b r o k e n  l i n e )  i s  b a s e d  on o t h e r  r e s e a r c h e r s '  
m e a s u r e m e n t s  i n  t h e  t r o p o s p h e r e .
I n  t h e  t r o p o s p h e r e  ( b e l o w  12 km) t h e  A i t k e n  
p a r t i c l e s  a n d  l a r g e  p a r t i c l e s  h a v e  s i m i l a r  
d i s t r i b u t i o n s ;  h o w e v e r ,  a b o v e  t h e  t r o p o p a u s e  t h e  
c o n c e n t r a t i o n  o f  A i t k e n  p a r t i c l e s  c o n t i n u e s  t o  
d e c r e a s e ,  w h e r e a s  t h e  c o n c e n t r a t i o n  o f  l a r g e  p a r t i c l e s  
i n c r e a s e s  a n d  r e a c h e s  a maxi mum a t  a b o u t  20 km 
a l t i t u d e .  T h i s  b r o a d  maxi mum f o r m s  t h e  w o r l d - w i d e  
s t r a t o s p h e r i c  a e r o s o l  l a y e r .
(uni) apnq-tuiV
4 . 3 . 2  Re mo t e  S e n s i n g
Re mo t e  s e n s i n g  t e c h n i q u e s  d e p e n d  011 t h e  o p t i c a l  
p r o p e r t i e s  o f  t h e  a e r o s o l  p a r t i c l e s ;  t h e  c o n c e n t r a t i o n  
o f  a e r o s o l  a t  a n y  a l t i t u d e  i s  c a l c u l a t e d  f r o m  t h e  
i n t e n s i t y  o f  l i g h t  s c a t t e r e d  b y  t h e  a t m o s p h e r e  a t  t h a t  
a l t i t u d e .  Thus  t h e  a e r o s o l  d i s t r i b u t i o n  i s  
r e p r e s e n t e d  a s  a v e r t i c a l  p r o f i l e  o f  t h e  s c a t t e r i n g  o r  
a t t e n u a t i o n  o f  l i g h t  i n  t h e  a t m o s p h e r e .  The  t r u e  
c o n c e n t r a t i o n  o f  p a r t i c l e s  may b e  c a l c u l a t e d  f r o m  
t h e s e  p r o f i l e s  by.  m a k i n g  a s s u m p t i o n s  a b o u t  t h e  
r e f r a c t i v e  i n d e x  a n d  SD o f  t h e  a e r o s o l .  The  m a i n  
a d v a n t a g e  o f  r e m o t e  s e n s i n g ,  c o m p a r e d  w i t h  d i r e c t  
m e t h o d s ,  i s  t h a t  b a l l o o n s  a n d  a i r c r a f t  a r e  u n n e c e s s a r y  
b e c a u s e  a l l  t h e  i n s t r u m e n t a t i o n  c a n  be  o p e r a t e d  on  t h e  
g r o u n d ;  t h u s ,  m e a s u r e m e n t s  c a n  b e  made  mo r e  r a p i d l y  
a n d  e c o n o m i c a l l y  t h a n  w o u l d  b e  p o s s i b l e  w i t h  d i r e c t  
m e t h o d s .
The  s u n  i s  a c o n v e n i e n t  s o u r c e  o f  l i g h t  f o r  
r e m o t e  s e n s i n g  m e a s u r e m e n t s ;  t wo  o f  t h e  m e t h o d s  w h i c h  
u s e d  s u n l i g h t  a r e  d e s c r i b e d  h e r e .  V e r t i c a l  p r o f i l e s  
o f  a t m o s p h e r i c  s c a t t e r i n g  c a n  b e  o b t a i n e d  b y  m e a s u r i n g  
t h e  i n t e n s i t y  o f  t h e  z e n i t h  s k y  a t  t w i l i g h t  ( f i g .  1 1 a ) . 
As t h e  s u n  s e t s ,  t h e  e a r t h ’ s s h a d o w  e x t e n d s  h i g h e r  i n t o  
t h e  a t m o s p h e r e ,  a n d  t h e  l i g h t  s c a t t e r e d  f r o m  t h e
z e n i t h  o r i g i n a t e s  f r o m  c o r r e s p o n d i n g l y  h i g h e r
47 .a l t i t u d e s .  V o l z  d e r i v e d  p r o f i l e s  o f  t h e  a e r o s o l  up
t o  65 km a l t i t u d e  u s i n g  t h i s  m e t h o d .  A d i f f e r e n t
4 8a p p r o a c h  was  a d o p t e d  by  G r e e n  . He c h o s e  a v a r i e t y  
o f  m a t h e m a t i c a l  f u n c t i o n s  t o  r e p r e s e n t  t h e  v e r t i c a l  
d i s t r i b u t i o n  o f  t h e  a e r o s o l  a n d ,  b y  c o m p a r i n g  t h e
z e n i t h
e a r t h
s h a d o w
h o r  i  z o n
F i g .  1 1 a  I l l u m i n a t i o n  o f  t h e  Z e n i t h  Sky a t  T w i l i g h t
a c t i v e
s c a t t e r i n g
v o l u m e
°  f i e l d .
f i e l d
75
s e a r c h l i g h t  r e c e i v e r
F i g .  l i b  S e a r c h l i g h t  P r o b i n g  o f  t h e  A t m o s p h e r e
m e a s u r e d  i n t e n s i t y  o f  f o r w a r d - s c a t t e r e d  s u n l i g h t  w i t h  
t h e  v a r i o u s  c a l c u l a t e d  v a l u e s ,  h e  was  a b l e  t o  s e l e c t  
t h e  f u n c t i o n  w h i c h  p r o d u c e d  t h e  b e s t  a g r e e m e n t  b e t w e e n  
t h e  m e a s u r e m e n t s  a n d  c a l c u l a t i o n s .
A r t i f i c i a l  s o u r c e s  o f  l i g h t  h a v e  f r e q u e n t l y  b e e n
49u s e d  f o r  p r o b i n g  t h e  a t m o s p h e r e .  E l t e r m a n  made  
s e v e r a l  s e r i e s  o f  m e a s u r e m e n t s  u s i n g  a s e a r c h l i g h t  
( f i g .  l i b ) .  A n a r r o w  b e a m o f  l i g h t  was  d i r e c t e d  
u p w a r d s  a t  a f i x e d  a n g l e  o f  e l e v a t i o n ,  a n d  t h e  
s c a t t e r e d  l i g h t  wa s  c o l l e c t e d  b y  a r e c e i v e r  w h i c h  wa s  
p l a c e d  a t  a known  d i s t a n c e  f r o m  t h e  s e a r c h l i g h t , .  The  
o v e r l a p  o f  t h e  s e a r c h l i g h t  b e a m a n d  t h e  r e c e i v e r  f i e l d  
d e f i n e d  t h e  v o l u m e  o f  a t m o s p h e r e  f r o m  w h i c h ’ t h e  
s c a t t e r e d  l i g h t  o r i g i n a t e d ;  d i f f e r e n t  a l t i t u d e s  w e r e  
s c a n n e d  by  a l t e r i n g  t h e  a n g l e  o f  e l e v a t i o n  o f  t h e  
r e c e i v e r .  The  e q u i p m e n t  h a d  an  e f f e c t i v e  w a v e l e n g t h  
o f  0 . 5 5  ym,  a n d  wa s  c a p a b l e  o f  p r o b i n g  up t o  a h e i g h t  
o f  70 km.  E l t e r m a n  d e r i v e d  a s t a n d a r d  a e r o s o l  
d i s t r i b u t i o n  f r o m  t h e  a v e r a g e  o f  s e v e n t y - n i n e  p r o f i l e s  
w h i c h  w e r e  m e a s u r e d  d u r i n g  1 9 6 4 / 5 ;  t h i s  d i s t r i b u t i o n  
i s  s hown  i n  f i g .  12 .
I n  r e c e n t  y e a r s ,  l a s e r s  h a v e  b e e n  w i d e l y  u s e d  f o r  
r e m o t e  s e n s i n g  m e a s u r e m e n t s .  I f  t h e  l a s e r  i s  m o u n t e d  
on a t e l e s c o p e ,  t h e  l a s e r  l i g h t  w h i c h  i s  s c a t t e r e d  
b a c k  f r o m  t h e  a t m o s p h e r e  c a n  b e  m e a s u r e d ;  t h i s  
c o n f i g u r a t i o n  f o r m s  a l a s e r  r a d a r ,  o r  l i d a r .  L i d a r s  
a r e  now b e i n g  o p e r a t e d  i n  many  p a r t s  o f  t h e  w o r l d  f o r  
r o u t i n e  m e a s u r e m e n t s  o f  t h e  a t m o s p h e r i c  a e r o s o l .
I n  a n y  r e m o t e  s e n s i n g  m e a s u r e m e n t ,  t h e  l i g h t  
r e a c h i n g  t h e  r e c e i v e r  h a s  t wo c o m p o n e n t s ,  o n e
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s c a t t e r e d  by  a e r o s o l  p a r t i c l e s  a n d  t h e  o t h e r  s c a t t e r e d
b y  a i r  m o l e c u l e s ;  i n f o r m a t i o n  on t h e  a e r o s o l  c a n  o n l y
b e  o b t a i n e d  wh e n  t h e s e  c o m p o n e n t s  h a v e  b e e n  s e p a r a t e d
f r o m  e a c h  o t h e r .  Many r e s e a r c h e r s  ( i n c l u d i n g  E l t e r m a n )
c a l c u l a t e d  t h e  m o l e c u l a r  s c a t t e r i n g  c o m p o n e n t  f r o m
d a t a  t a b u l a t e d  i n  o n e  o f  t h e  " m o d e l "  a t m o s p h e r e s ,  e . g .
t h e  U . S .  S t a n d a r d  A t m o s p h e r e ; t h e  a e r o s o l  c o m p o n e n t
was  t h e n  o b t a i n e d  b y  s u b t r a c t i n g  t h e  ( c a l c u l a t e d )
m o l e c u l a r  c o m p o n e n t  f r o m  t h e  m e a s u r e d  v a l u e s .  H o w e v e r ,
t h e r e  a r e  s m a l l  v a r i a t i o n s  i n  t h e  d i s t r i b u t i o n  o f  a i r
m o l e c u l e s  i n  t h e  a t m o s p h e r e ,  a n d  f o r  v e r y  a c c u r a t e
w o r k  i t  i s  n e c e s s a r y  t o  know t h e  t r u e  d i s t r i b u t i o n
wh e n  t h e  l i d a r  m e a s u r e m e n t  i s  m a d e .  T h i s  i n f o r m a t i o n
may b e  o b t a i n e d  f r o m  t h e  d a t a  r e c o r d e d  by  a
50m e t e o r o l o g i c a l  r a d i o s o n d e  b a l l o o n  . A n o t h e r  m e t h o d
f o r  d e t e r m i n i n g  t h e  c o n c e n t r a t i o n  o f  a i r  m o l e c u l e s  h a s
51b e e n  d e s c r i b e d  b}'  Co o n e y  ; h e  u s e d  a l a s e r  w i t h  
w a v e l e n g t h  6 9 4 . 3  nm,  a n d  m e a s u r e d  n o t  o n l y  t h e  
b a c k s c a t t e r e d  i n t e n s i t y  f r o m  a i r  m o l e c u l e s  a n d  a e r o s o l  
p a r t i c l e s  ( a t  6 9 4 . 3  nm) b u t  a l s o  t h e  c o m p o n e n t  a t
6 9 1 . 2  nm d u e  t o  Raman s c a t t e r i n g  b y  t h e  N i t r o g e n  
m o l e c u l e s  i n  t h e  a t m o s p h e r e .  T h i s  a l l o w e d  t h e  
c o n c e n t r a t i o n  o f  N i t r o g e n  m o l e c u l e s  t o  b e  d e t e r m i n e d ;  
t h e  t o t a l  n u m b e r  o f  m o l e c u l e s  a n d  t h e  m o l e c u l a r  
s c a t t e r i n g  c o m p o n e n t  w e r e  t h e n  c a l c u l a t e d .
I n  g e n e r a l ,  t h e  c h o i c e  o f  e i t h e r  a d i r e c t  o r  
r e m o t e  s e n s i n g  m e t h o d  d e p e n d s  on t h e  p u r p o s e  o f  t h e  
i n v e s t i g a t i o n .  By c o n d u c t i n g  s i m u l t a n e o u s  
m e a s u r e m e n t s  w i t h  a l i d a r  a n d  a b a l l o o n - b o r n e  p a r t i c l e
c o u n t e r ,  N o r t h a m  h a s  s h o wn  t h a t ,  w h e r e  a c o m p a r i s o n  
i s  p o s s i b l e ,  t h e r e  i s  s a t i s f a c t o r y  a g r e e m e n t  b e t w e e n  
t h e  r e s u l t s  o b t a i n e d  by  t h e  t wo t e c h n i q u e s .
4 . 4  FACTORS AFFECTING THE ATMOSPHERIC AEROSOL
I n  o r d e r  t o  p e r f o r m  c a l c u l a t i o n s  on t h e  e f f e c t s  
o f  t h e  a t m o s p h e r i c  a e r o s o l ,  i t  i s  n e c e s s a r y  t o  
r e p r e s e n t  t h e  s i z e  d i s t r i b u t i o n  a n d  v e r t i c a l  p r o f i l e  
o f  a e r o s o l  p a r t i c l e s  b y  " m o d e l "  o r  s t a n d a r d  c u r v e s ,  
l i k e  t h o s e  i n  f i g s .  7 a n d  1 0 .  At  a n y  p a r t i c u l a r  t i m e  
a n d  p l a c e ,  t h e  t r u e  a e r o s o l  may d e v i a t e  s i g n i f i c a n t l y  
f r o m  t h e  s i m p l i f i e d  m o d e l ;  some o f  t h e  c a u s e s  o f  t h e  
d e v i a t i o n s  a r e  d e s c r i b e d  b e l o w .
The  a e r o s o l  c o n t e n t  o f  t h e  t r o p o s p h e r e  t e n d s  t o  
v a r y  more,  w i d e l y  t h a n  t h a t  o f  t h e  s t r a t o s p h e r e ;  
h o w e v e r ,  r e c e n t  i n v e s t i g a t i o n s  h a v e  b e e n  c o n c e r n e d  
m a i n l y  w i t h  t h e  s t r a t o s p h e r i c  a e r o s o l  b e c a u s e  o f  i t s  
e f f e c t  on  t h e  g l o b a l  c l i m a t e .
4 . 4 . 1  The  B a c k g r o u n d  A e r o s o l
B e f o r e  a  q u a n t i t a t i v e  a s s e s s m e n t  o f  c h a n g e s  i n  
t h e  p a r t i c l e  c o n c e n t r a t i o n  c a n  b e  m a d e ,  a " b a c k g r o u n d "
l e v e l  m u s t  b e  e s t a b l i s h e d  a g a i n s t  w h i c h  t h e  v a r i a t i o n s
52 5 3 30c a n  b e  m e a s u r e d .  P o r c h  , Megaw a n d  M e s z a r o s  h a v e
d e s c r i b e d  t h e  r e s u l t s  o f  i n d e p e n d e n t  m e a s u r e m e n t s  ma de
a t  w i d e l y  s e p a r a t e d  l o c a t i o n s ,  a n d  t h e y  c o n f i r m  t h a t  a
t r u e  b a c k g r o u n d  l e v e l  d o e s  e x i s t  i n  r e g i o n s  w h i c h  a r e
r e m o t e  f r o m  t h e  e f f e c t s  o f  hu ma n  a c t i v i t y .  T y p i c a l
v a l u e s  f o r  t h e  c o n c e n t r a t i o n  o f  A i t k e n  p a r t i c l e s  w e r e  
-  3 .
300 -  450  cm m  t h e  s o u t h e r n  o c e a n s ,  a n d  
- 3  .200  -  2 0 0 0  cm m  t h e  m i d - A t l a n t i c  o c e a n  a n d
G r e e n l a n d ;  s i n c e  m o s t  o f  t h e  s o u r c e s  o f  a n t h r o p o g e n i c
a e r o s o l s  a r e  l o c a t e d  i n  t h e  n o r t h e r n  h e m i s p h e r e ,  i t  i s
n o t  s u r p r i s i n g  t o  f i n d  t h a t  t h e  b a c k g r o u n d  a e r o s o l
c o n c e n t r a t i o n  i s  h i g h e r  i n  n o r t h e r n  l a t i t u d e s .
4 . 4 . 2  V o l c a n i c  D u s t
L a r g e  q u a n t i t i e s  o f  d u s t  a r e  i n j e c t e d  i n t o  t h e
a t m o s p h e r e  wh e n  a v o l c a n o  e r u p t s .  The  d i s t u r b a n c e  i n
t h e  t r o p o s p h e r e  l a s t s  o n l y  a s h o r t  t i m e  b e c a u s e  o f  t h e
e f f i c i e n c y  o f  p a r t i c l e  r e m o v a l  p r o c e s s e s .  D u s t
e n t e r i n g  t h e  s t r a t o s p h e r e  h a s  a much  l o n g e r  l i f e t i m e ;
i t  w i l l  s p r e a d  a r o u n d  t h e  w o r l d ,  a n d  may b e  d e t e c t e d
f o r  many  y e a r s  a f t e r  t h e  o r i g i n a l  e r u p t i o n .  The
c i r c u l a t i o n  a n d  e f f e c t s  o f  v o l c a n i c  d u s t  i n  t h e
5 4a t m o s p h e r e  h a v e  b e e n  r e v i e w e d  b y  Lamb
The  d u s t  f r o m  m a j o r  e r u p t i o n s  h a s  o f t e n  p r o d u c e d
s p e c t a c u l a r  o p t i c a l  e f f e c t s  i n  t h e  a t m o s p h e r e ,  e . g .
h i g h l y  c o l o u r e d  t w i l i g h t s ,  a n d  c o l o u r e d  s u n s  a n d  m o o n s .
W i t h  s u i t a b l e  i n s t r u m e n t s  i t  i s  p o s s i b l e  t o  d e t e c t  t h e
e f f e c t s  o f  m i n o r  e r u p t i o n s ,  l i k e  t h a t  o f  M t . Ag u n g  ( o n
55B a l i  I s l a n d ,  I n d o n e s i a )  on  1 7 t h  Ma r c h  1 9 6 3 .  V o l z  
f i r s t  d e t e c t e d  c h a n g e s  i n  t h e  t w i l i g h t  s k y  i n  J a n u a r y  
1 9 6 4 ,  a n d  t h e  d i s t u r b a n c e  wa s  s t i l l  p r e s e n t  wh e n  h i s  
s e r i e s  o f  m e a s u r e m e n t s  e n d e d  e a r l y  i n  1 9 6 8 .  The  
p r e s e n c e  o f  d u s t  i n j e c t e d  i n t o  t h e  s t r a t o s p h e r e  b y
Mt .  Ag u n g  wa s  s hown  i n  t h e  r e s u l t s  o b t a i n e d  by
56 . .E l t e r m a n  ; t h e  p r o f i l e s  m e a s u r e d  a t  v a r i o u s  t i m e s
b e t w e e n . 1 9 6 3  a n d  1 970  w e r e  s o r t e d  i n t o  g r o u p s ,  a n d  t h e
o p t i c a l  t h i c k n e s s  o f  d u s t  i n  t h e  s t r a t o s p h e r e
( 12  -  25 km a l t i t u d e )  was  c a l c u l a t e d  f r o m  t h e  a v e r a g e
o f  e a c h  g r o u p .  The  i n j e c t i o n  a n d  s l o w  r e d u c t i o n  i n  
t h e  a m o u n t  o f  v o l c a n i c  d u s t  a r e  s hown  i n  t h e  f o l l o w i n g  
t a b l e .
P e r i o d Mean O p t i c a l  T h i c k n e s s
Feb 63 - Mar 63 0 . 0 1 8
Apr 63  - J u n e 63 0 . 0 3 1
J u l y 63 - Mar 64 0 . 0 3 1
Ap r 64 - Nov 64 0 . 0 2  3
Dec 64 - Ap r 65 0 . 0 2 4
Sep t 65 - J  an 66 0 . 0 2 2
O c t  . 70 - Nov 70 0 . 0 2 0
T h e s e  f i g u r e s  s u g g e s t  t h a t ,  b y  1 9 7 0 ,  t h e  e f f e c t  o f
Mt .  Agung  h a d  d i s a p p e a r e d  a n d  t h e  a e r o s o l  c o n t e n t  o f
t h e  s t r a t o s p h e r e  h a d  r e t u r n e d  t o  n o r m a l .
4 . 4 . 3  E x t r a t e r r e s t r i a l  D u s t
A l t h o u g h  v e r y  l i t t l e  q u a n t i t a t i v e  i n f o r m a t i o n  i s
a v a i l a b l e ,  i t  i s  known  t h a t  a s i g n i f i c a n t  a m o u n t  o f
d u s t  e n t e r s  t h e  a t m o s p h e r e  f r o m  o u t e r  s p a c e .  J u n g e
h a s  e s t i m a t e d  t h a t  99% o f  t h i s  d u s t  c omes  f r o m  t h e
z o d i a c a l  c l o u d ;  t h e  r e m a i n i n g  1 % c o n s i s t s  o f  d e b r i s
f r o m  m e t e o r s  w h i c h  h a v e  b u r n e d  up i n  t h e  a t m o s p h e r e .
T h e r e  a r e  t w e n t y  m a j o r  m e t e o r  s h o w e r s  w h i c h  o c c u r
a t  v a r i o u s  t i m e s  t h r o u g h o u t  t h e  y e a r .  The  s h o w e r s  a r e
n o t  o f  e q u a l  i n t e n s i t y ,  a n d  t h e  i n t e n s i t y  o f  a n y
p a r t i c u l a r  s h o w e r  may v a r y  m a r k e d l y  f r o m  y e a r  t o  y e a r .
34I t  h a s  b e e n  e s t i m a t e d  t h a t ,  wh e n  a s h o w e r  r e a c h e s  
i t s  ma x i mum,  t h e  d u s t  l o a d  i n  t h e  u p p e r  a t m o s p h e r e  may
b e  10  100  t i m e s  g r e a t e r  t h a n  i t  i s  d u r i n g  n o n - s h o w e r
p e r i o d s .  Th e  p r e s e n c e  o f  m e t e o r  d u s t  c a n  b e  d e t e c t e d
5 7b y  o p t i c a l  t e c h n i q u e s .  F e h r e n b a c h  m e a s u r e d  t h e
b r i g h t n e s s  o f  t h e  t w i l i g h t  s k y  a t  30 km a l t i t u d e ,
u s i n g  a b a l l o o n - b o r n e  p h o t o m e t e r ,  d u r i n g  t h e  O r i o n i d
m e t e o r  s h o w e r ;  a t  t h e  maxi mum o f  t h e  s h o w e r  t h e  s k y
b r i g h t n e s s  was  1 0 0 % g r e a t e r  t h a n  i t  was  on  t h e
p r e c e d i n g  a n d  f o l l o w i n g  n i g h t s .  The  m o v e m e n t  o f
m e t e o r  d u s t  i n  t h e  a t m o s p h e r e  h a s  a l s o  b e e n  o b s e r v e d ;
5 8H i r o n o  d e t e c t e d - t h e  d e s c e n t  o f  d u s t  f r o m  a b o u t  27  km
a l t i t u d e  u s i n g  a  l i d a r .
4 . 4 . 4  O t h e r  F a c t o r s
E v e n  when  t h e r e  i s  no  i n f l u x  o f  e x t r a t e r r e s t r i a l
d u s t ,  t h e  s t r a t o s p h e r i c  a e r o s o l  v a r i e s  f r o m  d a y  t o  d a y .
59L i d a r  m e a s u r e m e n t s  f r o m  J a p a n  i n d i c a t e d  t h a t  t h e
a e r o s o l  c o n t e n t  o f -  t h e  s t r a t o s p h e r e  was  a t  a  mi n i mu m
i n  w i n t e r ,  a n d  i n c r e a s e d  b y  a f a c t o r  o f  t wo f r o m
w i n t e r  t o  s u mme r .  T h e r e  was  some  e v i d e n c e  t h a t  t h e
v a r i a t i o n s  m i g h t  h a v e  b e e n  r e l a t e d  t o  m e t e o r o l o g i c a l
c o n d i t i o n s ,  e . g .  t e m p e r a t u r e ,  w i n d  v e l o c i t y ,  o r  e v e n
s o l a r  a c t i v i t y ;  h o w e v e r ,  t h e  r e s u l t s  w e r e  i n c o n c l u s i v e .
The  e f f e c t  o f  m e t e o r o l o g i c a l  f a c t o r s  on  t h e
t r o p o s p h e r i c  a e r o s o l  was  s h o wn  i n  t h e  r e s u l t s  o f  l i d a r
6 0m e a s u r e m e n t s  ma de  b y  G a m b l i n g  i n  A u s t r a l i a .  He 
f o u n d  t h a t  s t r o n g  s c a t t e r i n g  wa s  a s s o c i a t e d  w i t h  a i r  
m a s s e s  w h i c h  o r i g i n a t e d  o v e r  t h e  o c e a n ;  we a k  
s c a t t e r i n g  o c c u r e d  when  t h e  p r e v a i l i n g  w i n d  came  f r o m  
t h e  c o n t i n e n t ,  e x c e p t  wh e n  t h e  c o n t i n e n t a l  a i r  m a s s  
wa s  h u m i d  o r  wh e n  t h e  w i n d  wa s  v e r y  s t r o n g .  T h e s e
r e s u l t s  s u g g e s t  t h a t  t h e  o p t i c a l  p r o p e r t i e s  o f  t h e
a e r o s o l  d e p e n d  on  t h e  h u m i d i t y  o f  t h e  a t m o s p h e r e .
A t y p i c a l  a e r o s o l  p a r t i c l e  c o n t a i n s  b o t h
i n s o l u b l e  a n d  s o l u b l e  s u b s t a n c e s ,  o f  w h i c h  t h e  l a t t e r
a r e  l i k e l y  t o  b e  h y g r o s c o p i c . .  When t h e  R e l a t i v e
H u m i d i t y  (RH) o f  t h e  a i r  e x c e e d s  a  c e r t a i n  v a l u e ,  t h e
s o l u b l e  m a t e r i a l s  w i l l  d i s s o l v e ;  a s  t h e  RH i n c r e a s e s
t h e  v o l u m e  o f  s o l u t i o n  i n  e a c h  p a r t i c l e  i n c r e a s e s ,  a n d
t h e  p a r t i c l e s  b e c o m e  l a r g e r .  The  c h a n g e  i n  t h e  s i z e
a n d  p h y s i c a l  c o m p o s i t i o n  o f  t h e  p a r t i c l e s  w i l l  a l t e r
‘ 61t h e i r  o p t i c a l  p r o p e r t i e s .  K n e s t r i c k  i n v e s t i g a t e d  
t h e  i n f l u e n c e  o f  t h e  RH d u r i n g  m e a s u r e m e n t s  o f  
a t m o s p h e r i c  a t t e n u a t i o n  o f  l i g h t  o v e r  C h e s a p e a k e  Bay 
( USA) .  The  a t t e n u a t i o n  c o e f f i c i e n t  ( a t  0 . 5 6  ym 
w a v e l e n g t h )  h a d  a c o n s t a n t  v a l u e  o f  0 . 0 8  km ^ w h e n  t h e
RI1 wa s  b e l o w  70%; a t  90% RH t h e  a t t e n u a t i o n
. . - 1  .c o e f f i c i e n t  was  0 . 3  km , a n d  i t  i n c r e a s e d  v e r y
r a p i d l y  a s  t h e  RH a p p r o a c h e d  100%.  T h e s e  r e s u l t s  a r e
6 2i n  g o o d  a g r e e m e n t  w i t h  c a l c u l a t i o n s  by  B a r n h a r d t  a n d  
6 3H a n e l  , a n d  t h e y  a l s o  c o n f i r m  J u n g e ’ s e s t i m a t e  t h a t  
a n  i n c r e a s e  f r o m  70% t o  100% RH c o r r e s p o n d s  t o  a t e n ­
f o l d  i n c r e a s e  i n  t h e  s i z e  o f  a e r o s o l  p a r t i c l e s .
I n  a n y  p a r t i c u l a r  p l a c e ,  t h e  a e r o s o l  w i l l  b e  
a f f e c t e d  b y  many o t h e r  f a c t o r s  w h i c h  a r e  n o t  e a s i l y  
q u a n t i f i e d ,  e . g .  t h e  t y p e  o f  g r o u n d  s u r f a c e ,  t h e  
d i r e c t i o n  o f  t h e  w i n d  i n  r e l a t i o n  t o  l o c a l  s o u r c e s  o f  
a e r o s o l ,  a n d  t h e  w i n d  s p e e d .  When c o m p a r i n g  t h e  
r e s u l t s  o b t a i n e d  b y  d i f f e r e n t  w o r k e r s ,  i t  i s  i m p o r t a n t  
t o  r e m e m b e r  t h a t  t h e r e  may b e  d i s c r e p a n c i e s  due  t o  
l o c a l  v a r i a t i o n s  i n  t h e  a e r o s o l .
4 . 5 THE REFRACTIVE INDEX OF AEROSOL PARTICLES
The a m o u n t  o f  l i g h t  s c a t t e r e d  a n d  a b s o r b e d  by  an  
a e r o s o l  p a r t i c l e  d e p e n d s  on  t h e  s i z e  o f  t h e  p a r t i c l e  
a n d  on  i t s  r e f r a c t i v e  i n d e x ,  i . e .  t h e  r e f r a c t i v e  i n d e x  
o f  t h e  s u b s t a n c e  o f  w h i c h  t h e  p a r t i c l e  i s  c o m p o s e d .
The  r e f r a c t i v e  i n d e x  (m) i s  a m e a s u r e  o f  t h e  
d i f f e r e n c e  b e t w e e n  t h e  o p t i c a l  p r o p e r t i e s  o f  t h e  
p a r t i c l e  a n d  t h o s e  o f  t h e  s u r r o u n d i n g  a i r ;  i t  i s  
w r i t t e n  a s  a c o m p l e x  n u m b e r :
m = n -  i n *  . . . . . . . .  ( 1 2 )
The  p r o p o r t i o n  o f  e n e r g y  a b s o r b e d  b y  t h e  p a r t i c l e  
d e p e n d s  on n ’ , a n d  i t  i n c r e a s e s '  a s  n* i n c r e a s e s ;  i f  
n T = 0 , t h e r e  i s  no a b s o r p t i o n ,  a n d  a l l  o f  t h e  
i n c i d e n t  l i g h t  i s  s c a t t e r e d .  T h e r e  i s ,  h o w e v e r ,  no  
s i m p l e  r e l a t i o n  b e t w e e n  n a n d  n* a n d  t h e  a m o u n t s  o f  
s c a t t e r e d  a n d  a b s o r b e d  l i g h t .  I n  g e n e r a l ,  t h e  
r e f r a c t i v e  i n d e x  d e p e n d s  on t h e  w a v e l e n g t h  (A) o f  . t h e  
i n c i d e n t  r a d i a t i o n ,  b u t  t h e  v a r i a t i o n s  a r e  r e l a t i v e l y  
s m a l l  i n  t h e  v i s i b l e  a n d  n e a r - U V  r e g i o n s  o f  t h e  
s p e c t r u m .
The  r e f r a c t i v e  i n d e x  c a n  b e  m e a s u r e d  e i t h e r  b y
c o l l e c t i n g  a e r o s o l  p a r t i c l e s  a n d  e x a m i n i n g  t h e m  i n  t h e
l a b o r a t o r y ,  o r  b y  a n a l y s i n g  t h e  l i g h t  s c a t t e r e d  f r o m
p a r t i c l e s  w h i l e  t h e y  a r e  s t i l l  i n  t h e  a t m o s p h e r e .
64F i s c h e r  c o l l e c t e d  s a m p l e s  o f  a e r o s o l  a t  s e v e r a l  
u r b a n  a n d  r u r a l  s i t e s ,  a n d  h e  m e a s u r e d  t h e  b u l k  
a b s o r p t i o n  c o e f f i c i e n t  o f  e a c h  s a m p l e  o v e r  a r a n g e  o f  
w a v e l e n g t h s  a t  35% r e l a t i v e  h u m i d i t y ;  t h e  f o l l o w i n g  
v a l u e s  o f  n ’ w e r e  c a l c u l a t e d  by  c o m b i n i n g  d a t a  on  t h e
b u l k  a b s o r p t i o n  c o e f f i c i e n t  w i t h  t h e  e s t i m a t e d  d e n s i t y  
o f  t h e  p a r t i c l e s .
L o c a t i o n M a r i t i m e Moun t a i n U r b  an
-  3
D e n s i t y  ( g . cm ) 2 . 4 1 . 8 2 . 7
X (ym) n ’
0 . 4 0 . 0 0 3 0 .  005 0 . 0 3
0 . 5 0 . 0 0 2 0 . 0 0 5 Q O
0 . 6 0 . 0 0 2 0 . 0 0 5 0 . 0 4
0 . 7 0 . 0 0 2 0 .  00 7 0 . 0 4
o CO 0 . 0 0 4 0 . 0 1 0 0 . 0 5
A s i m i l a r  m e t h o d  was  u s e d  t o  d e t e r m i n e  t h e  r e f r a c t i v e  
i n d e x  o f  a e r o s o l s  i n  New Y o r k  Ci t y^ " * ;  t h e  r e s u l t s  
o b t a i n e d  w e r e  n = 1 . 5  a n d  n 1 = 0 . 0 4 ,  a t  X = 0 . 5 0 0  pm.  
The  f o l l o w i n g  v a l u e s  a r e  t y p i c a l  o f  a t m o s p h e r i c  d u s t  i n
.i 66d e s e r t  a r e a s  :
X (ym) 0 . 40 0 . 5 0 0 . 6 0 0 .  70 0 . 80
n ’ 0 . 0 1 1 0 . 0 0 7 0 . 006 0 . 0 0 6 0 . 006
The r e s u l t s  p r e s e n t e d  a b o v e  w e r e  o b t a i n e d  b y  
c o l l e c t i n g  t h e  a e r o s o l  p a r t i c l e s ;  h o w e v e r ,  t h e r e  i s  
g o o d  a g r e e m e n t  w i t h  d a t a  m e a s u r e d  u s i n g  " i n  s i t u "  
l i g h t  s c a t t e r i n g  t e c h n i q u e s .  Some v a l u e s  o f  t h e  
r e f r a c t i v e  i n d e x  o b t a i n e d  b y  o p t i c a l  t e c h n i q u e s  a r e  
n  = 1 . 5 0  a n d  n f = 0 . 0 0 5 ,  a n d  n = 1 . 5 5 ;  t h e s e  w e r e  
m e a s u r e d  i n  r u r a l  a r e a s .
I t  i s  e v i d e n t  t h a t  t h e  r e f r a c t i v e  i n d e x  o f  
a e r o s o l  p a r t i c l e s  d e p e n d s  on  t h e i r  c h e m i c a l  a n d  
p h y s i c a l  c o m p o s i t i o n ;  t h e r e  a r e  s i g n i f i c a n t  
d i f f e r e n c e s  b e t w e e n  t h e  v a l u e s  o f  n T i n  r u r a l  a n d  
u r b a n  a r e a s .  The  e f f e c t  o f  t h e  c h e m i c a l  c o m p o s i t i o n  
c a n  b e  s e e n  f r o m  t h e  f o l l o w i n g  l i s t  o f  s u b s t a n c e s  
w h i c h  h a v e  b e e n  f o u n d  i n  a e r o s o l  p a r t i c l e s .
' S u b s t a n c e n
N a C l  ( s e a - s a l t ) 1 . 5 4
S i 02  ( q u a r t z ) 1.  49
( n h 4 ) 2 s ° 4 1 . 5 2
NH. NO,  4 3 1 . 60
6 8The  r e f r a c t i v e  i n d e x  o f  l i q u i d  w a t e r  i s
X (ym) 0 . 3 0 . 4 0 . 5 0 . 6 0 . 7 0 . 8
n 1.  33 1.  34 1.  34 1.  33 1 . 3 3 1 . 3 3
The  r e f r a c t i v e  i n d e x  w i l l  b e  a f f e c t e d  b y  c h a n g e s  
i n  t h e  r e l a t i v e  h u m i d i t y ;  t h i s  c a n  b e  i l l u s t r a t e d  b y  
t h e  f o l l o w i n g  h y p o t h e t i c a l  e x a m p l e .  At  0% r e l a t i v e  
h u m i d i t y ,  a p a r t i c l e  o f  m a r i t i m e  a e r o s o l  m i g h t  b e  
s o l i d  N a C l ;  a s  t h e  r e l a t i v e  h u m i d i t y  i n c r e a s e s ,  t h e  
p a r t i c l e  w i l l  b e c o m e  " w e t t e r "  a n d  a t  1 0 0 % r e l a t i v e  
h u m i d i t y  i t  w i l l  c o n s i s t  o f  a v e r y  d i l u t e  s o l u t i o n  o f  
N a C l .  The  r e f r a c t i v e  i n d e x  o f  t h e  a e r o s o l  w i l l  c h a n g e  
f r o m  t h a t  o f  p u r e  Na Cl  ( 1 . 5 4 )  t o  t h a t  o f  w a t e r  ( 1 . 3 3 ) .
5. ABSORPTION OF SOLAR RADIATION BY ATMOSPHERIC GASES
The a b s o r p t i o n  o f  U l t r a v i o l e t ,  V i s i b l e  a n d  
I n f r a r e d  r a d i a t i o n  i n  t h e  a t m o s p h e r e  i s  c o n f i n e d  t o  
t wo  a r e a s  o f  t h e  s p e c t r u m  w h i c h  a r e  s e p a r a t e d  f r o m  
e a c h  o t h e r  a n d  f r o m  t h e  r e g i o n  o f  m i c r o w a v e  a b s o r p t i o n  
by  r e l a t i v e l y  t r a n s p a r e n t  s p e c t r a l  r e g i o n s .  The  l o n g -  
w a v e l e n g t h  r e g i o n  ( 0 . 7  ym < X < 1 cm) c o n t a i n s  
a b s o r p t i o n  b a n d s  w h i c h  c o n s i s t  o f  d i s c r e t e  s p e c t r a l  
l i n e s ,  w h e r e a s  t h e  s h o r t - w a v e  l e n g t h  r e g i o n  (A < 350 nm) 
i s  c o m p o s e d  o f  a b s o r p t i o n  c o n t i n u e  w h i c h  r e n d e r  t h e  
a t m o s p h e r e  o p a q u e  t o  s o l a r  r a d i a t i o n  w i t h  w a v e l e n g t h s  
l e s s  t h a n  a b o u t  300 nm.
T h i s  b r i e f  r e v i e w  i s  p r i m a r i l y  c o n c e r n e d  w i t h
C #t h o s e  a r e a s  o f  t h e  s p e c t r u m  w h i c h  a r e  r e l e v a n t  t o
d a y l i g h t ,  i . e .  t h e  n e a r - U l t r a v i o l e t  a n d  V i s i b l e
r e g i o n s .  A s h o r t  d i s c u s s i o n  o f  a b s o r p t i o n  i n  t h e  f a r -
U l t r a v i o l e t  a n d  I n f r a r e d  r e g i o n s  i s  a l s o  i n c l u d e d .
T h e r e  i s  a l a r g e  a m o u n t  o f  l i t e r a t u r e  on t h e
a b s o r p t i o n  o f  r a d i a t i o n  by g a s e s ,  a n d  n o  o n e
p u b l i c a t i o n  c a n  be  e x p e c t e d  t o  c o v e r  t h e  w h o l e  s u b j e c t
69a r e a  a d e q u a t e l y ;  h o w e v e r ,  t h e  b o o k  by  Goody c o n t a i n s  
b i b l i o g r a p h i e s  on e a c h  o f  t h e  m a j o r  g a s e s  a n d  f o r m s  an 
e x c e l l e n t  i n t r o d u c t i o n  t o  t h e  s u b j e c . t  o f  g a s e o u s  
a b s o r p t i o n  i n  t h e  a t m o s p h e r e .
5 . 1  THE ULTRAVIOLET REGION BELOW 300 nm
T h i s  r e g i o n  o f  t h e  s p e c t r u m  i s  d o m i n a t e d  by  
s t r o n g  a b s o r p t i o n  c o n t i n u a  w h i c h  a r e  a s s o c i a t e d  w i t h  
t h e  p h o t o i o n i s a t i o n  a n d - p h o t o d i s s o c i a t i o n  o f  g a s  
m o l e c u l e s  a n d  a t o m s ;  t h e r e  a r e  a l s o  s ome  s p e c t r a l
l i n e s  a n d  b a n d s  w h i c h  a b s o r b  a r e l a t i v e l y  
i n s i g n i f i c a n t  a m o u n t  o f  r a d i a t i o n  a n d  p r o d u c e  e x c i t e d  
a t o m s  a n d  m o l e c u l e s .
The  p o s i t i o n s  o f  some o f  t h e  a b s o r p t i o n  c o n t i n u a  
a n d  t h e i r  e f f e c t  on s o l a r  r a d i a t i o n  a r e  s h o wn  i n  
f i g .  13 ( f r o m  F r i e d m a n ^ ;  r e p r o d u c e d  by  p e r m i s s i o n  o f  
t h e  A c a d e m i c  P r e s s )
5 . 1 . 1  N i t r o g e n
The a b s o r p t i o n  s p e c t r u m  o f  n i t r o g e n  m o l e c u l e s  
c o n s i s t s  o f  a s e r i e s  o f  w e a k  b a n d s  s t a r t i n g  a t  145 nm 
w a v e l e n g t h  a n d  a n  i o n i s a t i o n  c o n t i n u u m  b e l o w  80  nm.  A 
d i s s o c i a t i o n  c o n t i n u u m  h a s  n o t  b e e n  f o u n d ,  b u t  t he '  
m o l e c u l e s  a r e  d i s s o c i a t e d  by  t h e  a b s o r p t i o n  o f  
r a d i a t i o n  i n  b a n d s  b e l o w  127  nm w a v e l e n g t h ,  w h i c h  
i n c l u d e s  t h e  s o l a r  L y m a n - a  e m i s s i o n  l i n e ;  a l t h o u g h  
v e r y  l i t t l e  e n e r g y  i s  a b s o r b e d ,  t h i s  p r o c e s s  i s  
i m p o r t a n t  a s  a s o u r c e  o f  n i t r o g e n  a t o m s  a t  r e l a t i v e l y  
l ow (85 km) a l t i t u d e s .
N i t r o g e n  a t o m s  a r e  i o n i s e d  b y  t h e  a b s o r p t i o n  o f  
r a d i a t i o n  b e l o w  85 nm w a v e l e n g t h .
5 . 1 . 2  Ox y g e n
T h e r e  a r e  t wo a b s o r p t i o n  s y s t e m s  i n  t h e  s p e c t r u m  
o f  m o l e c u l a r  o x y g e n .  The  w e a k  H e r z b e r g  s y s t e m  
c o mme n c e s  a t  2 6 0  nm w i t h  a s e r i e s  o f  a b s o r p t i o n  b a n d s ;  
b e l o w  242 nm w a v e l e n g t h ,  t h e  b a n d s  m e r g e  i n t o  a 
d i s s o c i a t i o n  c o n t i n u u m  w h e r e  t h e  o x y g e n  m o l e c u l e  i s  
d i s s o c i a t e d  i n t o  t wo o x y g e n  a t o m s  w h i c h  a r e  b o t h  i n  
t h e  P ( g r o u n d )  s t a t e . .  The H e r z b e r g  a b s o r p t i o n  
c o e f f i c i e n t s  a r e  v e r y  s m a l l ,  a n d  t h e  s y s t e m  i s  mo r e  
i m p o r t a n t  f o r  t h e  p r o d u c t i o n  o f  o x y g e n  a t o m s  t h a n  f o r
15
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t h e  a b s o r p t i o n  o f  r a d i a t i o n .
S t r o n g e r  a b s o r p t i o n  o c c u r s  i n  t h e  S c h u m a n n - R u n g e
s y s t e m .  The  b a n d s  s t a r t '  a t  195 nm a n d  t h e r e  i s  a
d i s s o c i a t i o n  c o n t i n u u m  f r o m  175 nm t o  130  nm
w a v e l e n g t h ;  i n  t h i s  c a s e ,  d i s s o c i a t i o n  p r o d u c e s  o n e
3o x y g e n  a t o m  i n  t h e  P s t a t e  a n d  t h e  o t h e r  m  t h e  
m e t a s t a b l e  .^D s t a t e .  T h e r e  a r e  v a r i o u s  w e a k  
a b s o r p t i o n  b a n d s  b e t w e e n  130 nm a n d  85 nm,  b e y o n d  
w h i c h  t h e  s p e c t r u m  i s  d o m i n a t e d  by  ab s o r p  t  i o n  c o n  t  i n u a . .
Ox y g e n  a t o m s  h a v e  a p h o t o i o n i s a t i o n  c o n t i n u u m  
b e l o w  90  nm w a v e l e n g t h .
5 . 1 . 3  0 z o n e
Oz o n e  a b s o r b s  s t r o n g l y  i n  t h e  H a r t l e y  b a n d s  w h i c h  
e x t e n d  f r o m  2 0 0  nm t o  300 nm a n d  c o n s i s t  o f  a l a r g e  
n u m b e r  o f  w e a k  b a n d s  s u p e r i m p o s e d  on a v e r y  s t r o n g  
d i s s o c i a t i o n  c o n t i n u u m .  At  t h e  c e n t r e  o f  t h e  b a n d s ,
a r o u n d  255 nm,  t h e  a b s o r p t i o n  i s  s o  s t r o n g  t h a t  o n l y
-  A0 . .10  % o f  t h e  s o l a r  r a d i a t i o n  i s  t r a n s m i t t e d  f r o m  t h e
t o p  o f  t h e  a t m o s p h e r e  t o  t h e  g r o u n d .  B e y o n d  200  nm
t h e  a b s o r p t i o n  a g a i n  i n c r e a s e s  t o  a s e r i e s  o f  ma x i ma
b e l o w  140 nm w a v e l e n g t h .
5 . 1 . 4  M i n o r  C o n s t i t u e n t s
e . g .  C02 , CO, H2 0 ,  H2 , NO, N2 0 ,  CH^,  A r , Ne ,  He 
C o mp a r e d  w i t h  t h e  m a i n  c o n s t i t u e n t s  o f  t h e  
a t m o s p h e r e ,  t h e s e  g a s e s  h a v e  l i t t l e  e f f e c t  on s o l a r  
r a d i a t i o n ;  f o r ,  a l t h o u g h  some o f  t h e  m i n o r  g a s e s  h a v e  
l a r g e r  a b s o r p t i o n  c o e f f i c i e n t s  t h a n  o x y g e n  o r  n i t r o g e n ,  
t h e y  o c c u r  i n  s u c h  s m a l l  c o n c e n t r a t i o n s  t h a t  t h e i r  
e f f e c t  i s  n e g l i g i b l e . ’
5 . 2  THE NEAR-ULTRAVIOLET AND VI SI BLE REGIONS ( 3 0 0 < A < 8 0 0  nm)
The s p e c t r u m  o f  d a y l i g h t  i s  g o v e r n e d  mo r e  by 
s c a t t e r i n g  t h a n  by  g a s e o u s  a b s o r p t i o n .  The  m o s t  
p r o m i n e n t  a b s o r p t i o n  b a n d s  a r e  due  t o  o z o n e ,  o x y g e n  
a n d  w a t e r  v a p o u r ,  a n d  t h e y  a r e  s hown  i n  f i g .  1 4 ,  w h i c h  
i s  o n e  o f  t h e  d a y l i g h t  s p e c t r a  m e a s u r e d  a t  t h e  
U n i v e r s i t y  o f  S u r r e y ;  t h e r e  a r e  many we a k  b a n d s  w h i c h  
a r e  n o t  i n d i c a t e d  i n  t h e  d i a g r a m .
The  a b s o r p t i o n  by  a t m o s p h e r i c  g a s e s  i n  t h e  
v i s i b l e  r e g i o n  o f  t h e  s p e c t r u m  h a s  b e e n  a l m o s t  i g n o r e d  
b y  r e s e a r c h e r s ,  a n d  d a t a  on t h e  a b s o r p t i o n  
c o e f f i c i e n t s  i s  v i r t u a l l y  n o n - e x i s t e n t ;  t h e  p o s i t i o n s  
o f  t h e  a b s o r p t i o n  b a n d s  a r e  k nown  q u i t e  a c c u r a t e l y .  
C u r c i o ^  r e c o r d e d  t h e  s p e c t r u m  o f  a 16 km p a t h  t h r o u g h  
t h e  a t m o s p h e r e  o v e r  t h e  w a v e l e n g t h  r a n g e  5 4 0  -  872  nm 
w i t h  a r e s o l u t i o n  o f  a b o u t  0 . 0 2  nm;  n u m e r o u s  
a b s o r p t i o n  b a n d s  w e r e  f o u n d  t h r o u g h o u t  t h e  s p e c t r u m .
• C u r c i o  wa s  a b l e  t o  m e a s u r e  t h e  p o s i t i o n s ,  b u t  n o t  t h e  
i n t e n s i t i e s ,  o f  t h e  b a n d s  a n d  h e  a t t r i b u t e d  m o s t  o f  
t h e m  t o  e i t h e r  o x y g e n  o r  w a t e r  v a p o u r .
5 . 2 . 1  W a t e r  V a p o u r
The a b s o r p t i o n  b a n d s  o f  w a t e r  v a p o u r  i n  t h e
v i s i b l e  r e g i o n  a r e  r e l a t i v e l y  w e a k ;  t h e  f o l l o w i n g
t a b l e  s h o ws  t h e  p o s i t i o n s  o f  s ome  o f  t h e  s t r o n g e r  
b a n d s .
oCNJ
co
o
o
00
0d
u
u
o
cuPuCO
Q )
, d
4 - >
d
• H
d
o d
o o
C " a
c d
>
d
Q )
4 - >
c d
ts
• d
d
c d
o
o d
v O C D
to
rO
X
/ - N o
e
d
v - ' Q J
d
r < o
N
o
o C H
o O
lO
CO
Td
d
c d
d
o
•r-l
4-1
P
d
o o
o CO
<3 4-1
£ 1
d bO
o • H
-  • • r - j i—1
c d rO
S ' c d
P
<u
rd CH
H O
oO
co i-i
bO•H
aaAio j 0 A T ^ T ? X a [^
Goo dy C u r c i o Go ody C u r c i  o
5 4 3 .  7 nm 6 9 8 .  4 nm 6 9 9 . 4  nm
5 7 1 . 6 nm 5 7 2 . 2  nm 70 3 . 2 n m
5 9 1 .  7 nm 5 9 2 . 4  nm 72 3 . 0 nm 7 2 2 . 8  nm
5 9 1 . 8 nm 7 2 3 . 2 nm
5 9 4 . 5 nm 5 9 5 . 2  nm 7 3 2 . 5 nm
6 31.  6 nm 7 9 6 . 0 nm 7 9 5 . 6  nm
6 5 1 . 5 nm 6 5 2 . 4  nm
2 Oxy g e n
The g r e a t  a b u n d a n c e  o f  o x y g e n  i n  t h e  a t m o s p h e r e  
r e s u l t s  i n  s t r o n g  a b s o r p t i o n s  i n  t h e  " r e d  a t m o s p h e r i c  
b a n d s " ;  t h e  p o s i t i o n s  a n d ' r e l a t i v e  s t r e n g t h s  ( s t r o n g ,  
me d i u m o r  w e a k )  o f  t h e  b a n d s  a r e  s hown  b e l o w .
Goody S t r e n g t h C u r c i o
5 3 8 .  4 nm
5 79 . 6 nm m
6 2 8 .  8 nm m 6 2 7 . 7  nm
6 3 7 . 9 nm m
6 8 8 . 4 nm s 6 8 6 . 7  nm
6 9 7 .  0 nm w
7 6 2 .  1 nm s 7 5 9 . 4  nm
7 7 1 . 0 nm w
3 0 z o n e
By c o n t r a s t  w i t h  o x y g e n  a n d  w a t e r  v a p o u r ,  
a b s o r p t i o n  by  o z o n e  h a s  b e e n  t h o r o u g h l y  i n v e s t i g a t e d  
b e c a u s e  i t  i s  r e s p o n s i b l e  f o r  t h e  s h a r p  c u t - o f f  o f
r a d i a t i o n  a t  a b o u t  300 nm w a v e l e n g t h  i n  t h e  d a y l i g h t  
s p e c t r u m .
T h e r e  a r e  t wo s e r i e s  o f  a b s o r p t i o n  b a n d s :  t h e  
H u g g i n s  b a n d s  a t  300 -  350 nm w h i c h  a r e ,  i n  e f f e c t ,  a 
c o n t i n u a t i o n  o f  t h e  H a r t l e y  b a n d s  ( s e e  5 . 1 . 3 ) ,  a n d  t h e
w e a k e r  C h a p p u i s  b a n d s  a t  400 -  750 nm.  The  a b s o r p t i o n
. . 14c o e f f i c i e n t s  h a v e  b e e n  m e a s u r e d  i n d e p e n d e n t l y  by  I n n
72 1a n d  V i g r o u x  ; t h e r e  i s  v e r y  g o o d  a g r e e m e n t  b e t w e e n
t h e i r  r e s u l t s .  The  d a t a  o b t a i n e d  by  I n n  a r e  s h o wn  i n
f i g s .  1 5 a  a n d  1 5 b .
C u r r e n t . e v i d e n c e  s u g g e s t s  t h a t  t h e  a b s o r p t i o n
c o e f f i c i e n t s  a r e  i n d e p e n d e n t  o f  p r e s s u r e ,  b u t  t h e y  a r e
a f f e c t e d  b y  c h a n g e s  i n  t e m p e r a t u r e .  The  l a r g e s t
v a r i a t i o n s  a r e  i n  t h e  H u g g i n s  b a n d s ,  a s  s h o wn  b y  t h e
f o l l o w i n g  t a b l e  ( f r o m  V i g r o u x ) :
T (K) 181 214 2 4 3 32 3
A (nm) k ( T )  / k  (29 1 K)
3 0 0 .  4 0 . 9 0 0 . 9 1 0 . 9 5
31 0 .  0 0 . 88 0 . 8 8 0 . 9  2
32 0 .  0 0 . 9 1 0 . 86 0 . 9 0 1 . 0 8
3 2 9 . 9 0 . 5 0 0 . 5 7 0 . 6 9 1.  32
3 4 0 . 1 0 .  89 0 . 8 6 0 . 89 1 . 1 4
I n  t h e  C h a p p u i s  b a n d s ,  a t e m p e r a t u r e  i n c r e a s e  f r o m  
181 K t o  32 3 K p r o d u c e s  a c h a n g e  o f  l e s s  t h a n  1% i n  
t h e  a b s o r p t i o n  c o e f f i c i e n t s .  Mo s t  o f  t h e  o z o n e  i n  t h e  
a t m o s p h e r e  i s  a t  t e m p e r a t u r e s  b e t w e e n  2 2 0  K a n d  2 7 0  K.
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THE INFRARED REGION (X > 800  nm)
The I n f r a r e d  s p e c t r u m  o f  t h e  a t m o s p h e r e  i s  v e r y  
c o m p l e x  a n d  i t  c o n t a i n s  many a b s o r p t i o n  l i n e s  a n d  
b a n d s  d u e  t o  w a t e r  v a p o u r ,  c a r b o n  d i o x i d e  a n d  o z o n e ,  
w i t h  w e a k e r  a b s o r p t i o n s  f r o m  t h e  m i n o r  g a s e s .
W a t e r  v a p o u r  h a s  a v e r y  r i c h  i n f r a r e d  s p e c t r u m ;  
i t  h a s  s t r o n g  b a n d s  a t  1 . 4 ,  1 . 8 5 ,  2 . 7  a n d  6 . 3  jim, a n d
a w i d e  r o t a t i o n a l  b a n d  f r o m  14 ym t o  1 mm w a v e l e n g t h .
The s t r o n g e s t  a b s o r p t i o n  b a n d s  o f  c a r b o n  d i o x i d e  a r e  
a t  2 . 7  a n d  4 . 3  ym,  a n d  f r o m  13 t o  17 ym.  Oz o n e  a b s o r b s
i n  a n a r r o w  b a n d  a t  9 . 6  ym a n d  i n  w e a k e r  b a n d s  a t  4 . 7
a n d  1 4 . 2  ym.
O n l y  t h e  s t r o n g e s t  a b s o r p t i o n s  h a v e  b e e n  m e n t i o n e d  
a b o v e ;  f o r  mo r e  d e t a i l  on t h e  a b s o r p t i o n  o f  i n f r a r e d  
r a d i a t i o n  i n  t h e  a t m o s p h e r e  s e e  Goody^ ^  a n d  Z u e v ^ ’ ^ .
A b i b l i o g r a p h y  o f  t h e  s p e c t r a  o f  t h e  m i n o r  g a s e s  h a s
. . 7 4b e e n  c o m p i l e d  by  L a u l a m e n
SCATTERING OF LIGHT IN THE ATMOSPHERE
The m a j o r  d i f f e r e n c e s  b e t w e e n  t h e  e x t r a t e r r e s t r i a l  
s o l a r  s p e c t r u m  a n d  t h e  s p e c t r u m  o f  d a y l i g h t  a t  t h e  
e a r t h ’ s s u r f a c e  a r e  due  t o  t h e  s c a t t e r i n g  o f  s u n l i g h t  
by  g a s  m o l e c u l e s  a n d  a e r o s o l  p a r t i c l e s  i n  t h e  
a t m o s p h e r e .
The  b l u e  c o l o u r  o f  t h e  s k y ,  w h i c h  i s  a d i r e c t
r e s u l t  o f  m o l e c u l a r  s c a t t e r i n g ,  was  f i r s t  e x p l a i n e d  by
R a y l e i g h  i n  1 8 7 1 ;  h e  s h o w e d  t h a t ,  when  l i g h t  f a l l s  u p o n
a p a r t i c l e  w h o s e  d i m e n s i o n s  a r e  much s m a l l e r  t h a n  t h e
w a v e l e n g t h  o f  t h e  l i g h t  , t h e  s c a t t e r e d  i n t e n s i t y , ,  v a r i e s  
- 4a s  X , i . e .  s h o r t  w a v e l e n g t h s  ( b l u e )  a r e  s c a t t e r e d  
mo r e  s t r o n g l y  t h a n  l o n g  w a v e l e n g t h s  ( r e d ) ,  a n d  t h u s  t h e  
s k y  i s  b l u e .  M o l e c u l a r  s c a t t e r i n g  i s  o f t e n  r e f e r r e d  t o  
a s  R a y l e i g h  s c a t t e r i n g  ( a l t h o u g h  R a y l e i g h  d i d  n o t  
a c t u a l l y  i d e n t i f y  t h e  s c a t t e r i n g  p a r t i c l e s  a s  a i r  
m o l e c u l e s ) ,  a n d  i t  i s  s o m e t i m e s  a s s o c i a t e d  w i t h  t h e  
name  o f  T y n d a l l  who c o n d u c t e d  e a r l y  e x p e r i m e n t s  on  
s c a t t e r i n g  i n  c h e m i c a l  s o l u t i o n s .
When l i g h t  i s  i n c i d e n t  on a n  a e r o s o l  p a r t i c l e  m o s t  
o f  t h e  e n e r g y  i s  s c a t t e r e d  i n t o  a s m a l l  s o l i d  a n g l e  i n  
t h e  f o r w a r d  d i r e c t i o n ,  i . e .  t h e  d i r e c t i o n  o f  
p r o p a g a t i o n  o f  t h e  i n c i d e n t  l i g h t ;  t h e  s c a t t e r d  
i n t e n s i t y  v a r i e s  a s  X ^ a n d  t h e  l i g h t  i s ,  t h e r e f o r e ,  
" w h i t e r "  t h a n  t h a t  s c a t t e r e d  b y  a i r  m o l e c u l e s ,  The  
f o r w a r d  d i r e c t i o n  c o r r e s p o n d s  t o  t h e  d i r e c t i o n  o f  t h e  
s u n ,  a n d  t h u s  t h e  s k y  i s  w h i t e  i n  t h e  v i c i n i t y  o f  t h e  
s o l a r  d i s c .  The  Mi e  t h e o r y  i s  g e n e r a l l y  u s e d  t o  
d e s c r i b e  t h e  s c a t t e r i n g  o f  l i g h t  by  a e r o s o l  p a r t i c l e s ;
t h e  f o . r m u l a e  w e r e  d e r i v e d  f i r s t  by  L o r e n z  i n  1 8 9 0 ,  a n d  
i n d e p e n d e n t l y ,  b y  M i e ,  e i g h t e e n  y e a r s  l a t e r ,
SCATTERING BY A SINGLE PARTICLE
The  s c a t t e r i n g  o f  l i g h t  b y  a s i n g l e  p a r t i c l e  i s
i l l u s t r a t e d  i n  f i g .  1 6 .  The  i n c i d e n t  b e a m o f  l i g h t  i s
c o m p o s e d  o f  m o n o c h r o m a t i c  p l a n e  w a v e s  a n d  i s
p r o p a g a t i n g  i n  t h e  p o s i t i v e  d i r e c t i o n  a l o n g  t h e  z - a x i  s
o f  a r i g h t - h a n d e d  s e t  o f  C a r t e s i a n  a x e s  w h o s e
d i r e c t i o n s  a r e  f i x e d  i n  s p a c e .  The  e n e r g y  o f  t h e
i n c i d e n t  b e a m i s  e x p r e s s e d  by  t h e  i r r a d i a n c e  I  
- 2( u n i t s  -  W.m ) ;  t h u s , -  i f  t h e  l i g h t  f a l l s  n o r m a l l y  on 
a p l a n e  o f  a r e a  s ,  t h e  t o t a l  p o w e r  r e c e i v e d  on  t h a t  
p l a n e  i s  ' I . s .
Some o f  t h e  l i g h t  f a l l s  on a p a r t i c l e  a t  p o i n t  0 
a n d  i s  s c a t t e r e d  i n  a l l  d i r e c t i o n s .  At  a l a r g e  
d i s t a n c e  f r o m  0 , i n  t h e  d i r e c t i o n  ( 0 , $ ) ,  t h e  s c a t t e r e d
l i g h t  f o r m s  a s p h e r i c a l  wa v e  w i t h  i n t e n s i t y  i ( 0 ,(f))
( u n i t s  -  W . s r  ^ ) ; a t  p o i n t  P ,  w h i c h  h a s  p o l a r  
c o o r d i n a t e s  (R, 0, <J) ) ,  t h e  s c a t t e r e d  i r r a d i a n c e  i s
I (R, e , ( j>)  = i ( e , < j >) / R 2    ( 1 3 )
I n  t h e  d i r e c t i o n  (0, ( f>) ,  t h e  p o w e r  s c a t t e r e d  i n t o  
a n  e l e m e n t a r y  s o l i d  a n g l e ,  dw,  i s
i  (0,cj>) . do) . » .    ( 1 4 )
t h e  e l e m e n t  do) i s  s hown i n  f i g .  1 6 ;  i n  p o l a r  
c o o r d i n a t e s  i t  i s  d e s c r i b e d  by  t h e  a n g l e s  0 , 0 + d 0 , (J) 
a n d  (f> + d(J), w h e n c e
dw = s i n 0 . d 0 . d ( j )  ( 1 5 )
The  t o t a l  s c a t t e r e d  e n e r g y  i s  o b t a i n e d  by  
i n t e g r a t i n g  e x p r e s s i o n  ( 1 4 )  o v e r  a l l  e l e m e n t s  da),
z( s c a t t e r e d
r a d i a t i o n )
I o
( I n c i d e n t
r a d i a t i o n )
F i g .  1 6  S c a t t e r i n g  b y  a  S i n g l e  P a r t i c l e
i . e .  o v e r  a l l  v a l u e s  o f  0 a n d  (j), t h u s
T o t a l  s c a t t e r e d  e n e r g y  =•
r4Tr
i  ( 0  , ({>) . dw
0
■2 IT r  7T
0
i  ( 0 ,  40 . s i n 0  , d 0 . d(j) = I  . C s c a  ( 1 6 )
0 °
' • Eq u a t i o n  ( 1 6 )  d e f i n e s  t h e  s c a t t e r i n g  c r o s s  s e c t i o n ,
C s c a ,  w h i c h  i s  t h e  e f f e c t i v e  a r e a  t h a t  a n o n - a b s o r b i n g
p a r t i c l e  p r e s e n t s  t o  t h e  i n c i d e n t  b e a m;  t h u s  t h e
e n e r g y  f a l l i n g  on a n  a r e a  C s c a  i s  s c a t t e r e d  o u t  o f  t h e
b e a m.  The  a m o u n t  o f  e n e r g y  w h i c h  i s  a b s o r b e d  b y  a
p a r t i c l e ,  i s  d e f i n e d  a s  I Q. C a b s ,  a n d  t h e  t o t a l  e n e r g y
r e m o v e d  f r o m  t h e  b e a m i s  I  . C e x t  w h e r e  Ca b s  a n d  C e x to
a r e  t h e  a b s o r p t i o n  a n d  e x t i n c t i o n  c r o s s  s e c t i o n s ,  
r e s p e c t i v e l y ;  t h u s
C e x t  = C s c a  + Ca b s  . . . . . . .  ( 1 7 )
I f  t h e  p a r t i c l e  d o e s  n o t  a b s o r b  e n e r g y ,  t h e n  
C e x t  = C s c a  a n d  Ca bs  = 0 ,
The  a n g u l a r  d i s t r i b u t i o n  o f  t h e  s c a t t e r e d  l i g h t  
c a n  be  d e s c r i b e d  b y  t h e  d i f f e r e n t i a l  s c a t t e r i n g  c r o s s  
s e c t i o n ,  w h i c h  i s  d e f i n e d  a s
c ( 0 ,(J)) = i ( 0 ,<l>) / Io .  -------- ( 1 8 )
t h u s ,  t h e  i n t e n s i t y  o f  l i g h t  s c a t t e r e d  i n  t h e  
d i r e c t i o n  ( 0 ,  4») i s  I  . c (0, <J>) ,
The  n o r m a l i s e d  p h a s e  f u n c t i o n  i s  d e f i n e d  a s  
F(0,<{)) = i  ( 0 ,  <(>) /  ( I  . C s c a )    ( 1 9 )
s i n c e  I F ( 0 , ( j ) ) . d t o  = 1 ( 2 0 )
J o
I n  g e n e r a l ,  t h e  v a r i o u s  c r o s s  s e c t i o n s  a n d  
a n g u l a r  f u n c t i o n s  d e p e n d  on  t h e  s h a p e ,  o p t i c a l  
p r o p e r t i e s  a n d  o r i e n t a t i o n  o f  t h e  p a r t i c l e ,  a n d  on t h e  
w a v e l e n g t h  (A) a n d  s t a t e  o f  p o l a r i s a t i o n  o f  t h e  
i n c i d e n t  l i g h t .
POLARISATION
An e l e c t r o m a g n e t i c  w a v e  i s  c h a r a c t e r i s e d  b y  i t s  
e l e c t r i c  f i e l d  v e c t o r ,  E_, w h i c h  l i e s  i n  t h e  t r a n s v e r s e  
p l a n e ,  i . e .  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  d i r e c t i o n  
o f  p r o p a g a t i o n  o f  t h e  w a v e .  I n  o r d e r  t o  d e s c r i b e  t h e  
w a v e  c o m p l e t e l y ,  i t  i s  n e c e s s a r y  t o  know n o t  o n l y  t h e  
m a g n i t u d e  o f  IE b u t  a l s o  i t s  o r i e n t a t i o n  w i t h i n  t h e  
t r a n s v e r s e  p l a n e ; . t h i s  i n f o r m a t i o n  i s  c o n t a i n e d  i n  t h e  
S t o k e s  p a r a m e t e r s  ( I , Q , U , V )  w h i c h  s p e c i f y  th e .  s t a t e  o f  
p o l a r i s a t i o n  o f  t h e  w a v e .
The  S t o k e s  p a r a m e t e r s  may b e  d e f i n e d  b y  r e f e r e n c e  
t o  a r i g h t - h a n d e d  s e t  o f  o r t h o g o n a l  a x e s  l a b e l l e d  1 , 2 
a n d  3 ;  t h e  wa v e  i s  p r o p a g a t e d  a l o n g  a x i s  3 ,  a n d  a x e s  1 
a n d  2 a r e  f i x e d  a t  a n  a r b i t r a r y  o r i e n t a t i o n  i n  t h e  
t r a n s v e r s e  p l a n e .  The  i r r a d i a n c e  ( o r  i n t e n s i t y )  o f  
t h e  w a v e  h a s  c o m p o n e n t s  1 ^ a n d  ^  p a r a l l e l  t o  a x e s  1 
a n d  2 , r e s p e c t i v e l y ;  i n  g e n e r a l ,  t h e r e  w i l l  b e  a p h a s e  
d i f f e r e n c e ,  £ ,  b e t w e e n  t h e  c o m p o n e n t s .  The  S t o k e s  
p a r a m e t e r s  a r e  d e f i n e d  a s  f o l l o w s :
1 = 1 1 + I 2 ( 2 1 a )
( 2 1 b)
1
U = 2 ( I ]L. I 2 ) 5 c o s e ( 2 1 c)
(2 I d )
I  i s  t h e  i r r a d i a n c e  o f  t h e  w a v e  a s  d e f i n e d  i n
s e c t i o n  6 . 1 .  I t  f o l l o w s ,  f r o m  t h e s e  d e f i n i t i o n s ,  t h a t
2 2 2 2 I  = Q + U + V   ( 2 2 )
The  s t a t e  o f  p o l a r i s a t i o n  i s  d e s c r i b e d  by  t h e
g e o m e t r i c a l  f i g u r e  ( e l l i p s e ,  c i r c l e  o r  l i n e )  w h i c h  t h e
e n d p o i n t  o f  IE t r a c e s  i n  t h e  t r a n s v e r s e  p l a n e ;  t h e r e
a r e  t h r e e  p o s s i b i l i t i e s  w h i c h  may b e  d i s t i n g u i s h e d
f r o m  o n e  a n o t h e r  b y  t h e  v a l u e s  o f  Q, U a n d  V.
( a )  L i n e a r  p o l a r i s a t i o n :  U ^ i  2 ( 1 ^ . I ^ ) ^ ,  V = 0 ,
( b )  C i r c u l a r  p o l a r i s a t i o n :  Q = U = 0 ,  V = i  I ,
( c )  E l l i p t i c a l  p o l a r i s a t i o n :  a l l  o t h e r  v a l u e s  o f  
Q, U a n d  V.
The  p r e c i s e  s i z e  a n d  o r i e n t a t i o n  o f  t h e  e l l i p s e ,
c i r c l e  o r  l i n e  c a n  b e  c a l c u l a t e d  f r o m  t h e  n u m e r i c a l
v a l u e s  o f  t h e  S t o k e s  p a r a m e t e r s ,
The- p r e c e d i n g  r e m a r k s  r e f e r r e d  t o  p o l a r i s a t i o n  i n
a s i n g l e  e l e c t r o m a g n e t i c  w a v e .  I n  f a c t ,  a n y  m e a s u r a b l e
b e a m o f  l i g h t  c o n s i s t s  o f  m i l l i o n s  o f  w a v e s
s u p e r i m p o s e d  on  o n e  a n o t h e r ,  a n d  t h e  m e a s u r e d
14 15i n t e n s i t y  i s  a t i m e - a v e r a g e  o f  10  -  10 o s c i l l a t i o n s
p e r  s e c o n d .  I f  ( I . , Q. , U . , V . )  a r e  t h e  S t o k e s  
r  i  i  7 i  7 i
t  tlp a r a m e t e r s  o f  t h e  i  w a v e  i n  a n  i n c o h e r e n t  b e a m o f  
l i g h t  ( e . g .  n a t u r a l  l i g h t ) ,  t h e n  t h e  p r o p e r t i e s  o f  t h e  
w h o l e  b e a m c a n  b e  r e p r e s e n t e d  by  ( I , Q , U , V )  w h e r e
I  = £ I £ , Q = £Qi s  U = £Ui , V = EVi  .............. , ( 2 3 )
a n d  t h e  s u m m a t i o n  i n c l u d e s  a l l  t h e  w a v e s  i n  t h e  b e a m ,  
The  S t o k e s  p a r a m e t e r s  o f  a b e a m c a n  b e  o b t a i n e d  
b y  m e a s u r i n g  1 ^ ,  a n d  e ,  i , e ,  t h e  i r r a d i a n c e s  i n  t wo  
p e r p e n d i c u l a r  d i r e c t i o n s  i n  t h e  t r a n s v e r s e  p l a n e ,  a n d  
t h e  p h a s e  d i f f e r e n c e  ( e )  b e t w e e n  t h e m ;  ( I , Q , U , V )  a r e
t h e n  c a l c u l a t e d  f r o m  e q u a t i o n s  ( 2 1 a )  -  ( 2 1 d ) ,  w h i c h  
a r e  v a l i d  f o r  b o t h  a s i n g l e  wa v e  a n d  a b e a m .  The  
c h a r a c t e r  o f  a b e a m i s  c o m p l e t e l y  s p e c i f i e d  by  t h e  
S t o k e s  p a r a m e t e r s ,  a n d  i t  i s  i m p o s s i b l e  t o  d i s t i n g u i s h  
e x p e r i m e n t a l l y  b e t w e e n  t wo  b e a ms  w h i c h  h a v e  t h e  same 
( I , Q , U , V ) .  The  d e g r e e  o f  p a r t i a l  p o l a r i s a t i o n  o f  a 
b e a m may b e  d e f i n e d  by
D = (Q2 + U2 + V2 ) V i    ( 2 4 )
t h r e e  t y p e s  o f  p a r t i a l  p o l a r i s a t i o n  a r e  p o s s i b l e :
( a )  D = 1 ,  ( I 2 = Q2 + U2 + V2 ) : t h e  b e a m i s  f u l l y  
p o l a r i s e d ,  a n d  may h a v e  l i n e a r ,  c i r c u l a r  o r  
e l l i p t i c a l  p o l a r i s a t i o n .
( b )  D = 0 ,  (Q = U = V = 0.) : t h e  b e a m i s  
u n p o l a r i s e d .  T h e r e  i s  o n l y  o n e  t y p e  o f  
u n p o l a r i s e d  l i g h t ,  a n d  i t s  S t o k e s  p a r a m e t e r s  
a r e  ( I , 0 , 0 , 0 ) ,  The  i n t e n s i t y  i s  c o n s t a n t ,  
i r r e s p e c t i v e  o f  t h e  d i r e c t i o n  i n  w h i c h  i t  i s  
m e a s u r e d  i n  t h e  t r a n s v e r s e  p l a n e ;  t h u s ,  i n  
t e r m s  o f  p o l a r i s a t i o n ,  an  u n p o l a r i s e d  b e a m i s  
s y m m e t r i c a l  a b o u t  t h e  d i r e c t i o n  o f  p r o p a g a t i o n  
a n d  c a n  b e  r e s o l v e d  i n t o  t wo i n c o h e r e n t  
l i n e a r l y  p o l a r i s e d  c o m p o n e n t s  o f  e q u a l  
m a g n i t u d e .
( c )  0 < D < 1 ,  ( I 2 > Q2 + U2 + V2 ) : t h e  b e a m i s
p a r t i a l l y  p o l a r i s e d .  A p a r t i a l l y  p o l a r i s e d  
b e a m ( I , Q , U , V )  c a n  b e  r e p r e s e n t e d  a s  t h e  sum
o f - a  f u l l y  p o l a r i s e d  b e a m ( ( Q 2 + U2 + V2 ) ^ , Q , U , V )  
a n d  a n  u n p o l a r i s e d  b e a m 
( I  -  (Q2 + U2 + V2 ) ^ , 0 , 0 , 0 ) .
I n  t h e  t h e o r e t i c a l  s t u d i e s  a n d  c a l c u l a t i o n s  w h i c h  
f o l l o w ,  i t  w i l l  a l w a y s  b e  a s s u m e d  t h a t  t h e  i n c i d e n t  
l i g h t  i s  u n p o l a r i s e d .
The  S t o k e s  p a r a m e t e r s  m u s t  b e  i n c l u d e d  i n  t h e
p o l a r i s a t i o n ,  o f  a s c a t t e r e d  b e a m i s  d i f f e r e n t  f r o m  
t h a t  o f  t h e  i n c i d e n t  b e a m .  O r t h o g o n a l  a x e s  1 ,  2 a n d  3 
a r e  d e f i n e d  f o r  b o t h  t h e  ‘i n c i d e n t  a n d  s c a t t e r e d  b e a m s ,  
a s  s hown i n  f i g .  1 7 ;  a x i s  3 i s  a l i g n e d  w i t h  t h e  
d i r e c t i o n  o f  p r o p a g a t i o n  o f  t h e  b e a m ,  a n d  a x i s  2 l i e s  
i n  t h e  s c a t t e r i n g  p l a n e ,  i . e .  t h e  p l a n e  w h i c h  c o n t a i n s  
t h e  i n c i d e n t  a n d  s c a t t e r e d  b e a m s .  The  s c a t t e r i n g  
p a r t i c l e  i s  a t  0 , a n d  t h e  l i g h t  s c a t t e r e d  t h r o u g h  a n  
a n g l e  0 ( t h e  s c a t t e r i n g  a n g l e )  i s  d e t e c t e d  a t  p o i n t  P ;  
t h e  s c a t t e r i n g  p l a n e  i n  f i g .  16 i s  s i m i l a r l y  d e f i n e d  
b y  t h e  z - a x i s  a n d  p o i n t  P ,  a n d  i t s  o r i e n t a t i o n  i n  
s p a c e  i s  d e s c r i b e d  by  t h e  a n g l e  (j),
The  s c a t t e r i n g  o f  l i g h t  by  a s i n g l e  p a r t i c l e  c a n  
b e  r e p r e s e n t e d  t h u s :
w h e r e  1 a n d  1^  r e p r e s e n t  t h e  s c a t t e r e d  a n d  i n c i d e n t  
b e a m s ,  r e s p e c t i v e l y ,  a n d  A i s  t h e  S c a t t e r i n g  m a t r i x .  
E q u a t i o n  ( 2 5 )  me a n s  t h a t  t h e  S t o k e s  p a r a m e t e r s  o f  t h e  
s c a t t e r e d  b e a m may be  c a l c u l a t e d  f r o m  t h e  S t o k e s  
p a r a m e t e r s  o f  t h e  i n c i d e n t  b e a m a n d  t h e  e l e m e n t s ,  a £ j > 
o f  t h e  S c a t t e r i n g  m a t r i x j  t h e s e  a r e  d e r i v e d  f r o m  t h e
t r e a t m e n t  o f  s c a t t e r i n g  b e c a u s e ,  i n  g e n e r a l ,  t h e
« ( 2 5 )
o r ,  s y m b o l i c a l l y ,  I  = A . I ( 2 6 )

v a r i o u s  s c a t t e r i n g  t h e o r i e s .  I n  t h e  m o s t  g e n e r a l  c a s e ,  
o f  s c a t t e r i n g ,  t h e r e  a r e  s i x t e e n  e l e m e n t s ,  a ^ j  > ( a s  
s hown  e a r l i e r )  w h i c h  a r e  f u n c t i o n s  o f  b o t h  0 a n d  <f>; 
h o w e v e r ,  f o r  p r e s e n t  p u r p o s e s ,  a i r  m o l e c u l e s  a nd  
a e r o s o l  p a r t i c l e s  c a n  b e  r e g a r d e d  a s  h o m o g e n e o u s  
s p h e r e s ,  a n d  b y  c o n s i d e r i n g  t h e  s y m m e t r y  i n  t h e  me d i u m 
w h i c h  c o n t a i n s  t h e s e  p a r t i c l e s ,  t h e  S c a t t e r i n g  m a t r i x  
c a n  b e  r e d u c e d  t o  no  mo r e  t h a n  s i x  n o n - z e r o  e l e m e n t s  
w h i c h  a r e  f u n c t i o n s  o f  0 o n l y .  F o r  c o n v e n i e n c e ,  t h e  
m o d i f i e d  S t o k e s  p a r a m e t e r s  ( 1 ^ , I ^ , U , V) w i 11 b e  u s e d  
• i n s t e a d  o f  ( I , Q , U , V ) .
T .h is  d i s c u s s i o n  i s  i n t e n d e d  m e r e l y  t o  o u t l i n e
t h o s e  a s p e c t s  o f  p o l a r i s a t i o n  w h i c h  a r e  r e l e v a n t  t o
t h e  c a l c u l a t i o n s  w h i c h  f o l l o w .  A m o r e  c o m p l e t e
d e s c r i p t i o n  o f  p o l a r i s a t i o n  a n d  t h e  d e r i v a t i o n  o f  t h e
S t o k e s  p a r a m e t e r s  c a n  b e  f o u n d  i n  r e f e r e n c e s  3 9 ,  75
a n d  7 6 ,  a l t h o u g h  t h e r e  a r e  v a r i a t i o n s  b e t w e e n  t h e
d e f i n i t i o n s  u s e d  by  d i f f e r e n t  a u t h o r s .  The  t r e a t m e n t
p r e s e n t e d  h e r e  f o l l o w s  t h e  a p p r o a c h  a d o p t e d  by  
39
D e i r m e n d j l a n  .
•MOLECULAR (RAYLEIGH) SCATTERING
The  R a y l e i g h  s c a t t e r i n g  t h e o r y  i s  a p p l i c a b l e  t o  
v e r y  s m a l l  p a r t i c l e s  w h o s e  l a r g e s t  d i m e n s i o n  d o e s  n o t  
e x c e e d  1 / 2 0  o f  t h e  w a v e l e n g t h  o f  t h e  i n c i d e n t  l i g h t .
The  t h e o r y  i s  v a l i d  f o r  p a r t i c l e s  w i t h  a c o m p l e x  
r e f r a c t i v e  i n d e x  (m = ri -  i n ’ ) w h i c h  b o t h  s c a t t e r  a n d  
a b s o r b  l i g h t ;  h o w e v e r ,  t h e  f o l l o w i n g  d i s c u s s i o n  i s  
c o n c e r n e d  w i t h  m o l e c u l a r  s c a t t e r i n g  o n l y ,  a n d  i s  t h u s
c o n f i n e d  t o  p a r t i c l e s  w i t h  a r e a l  r e f r a c t i v e  i n d e x  
(m = n)  .
1 S c a t t e r i n g  by  a n  i n d i v i d u a l  p a r t i c l e
L o r e n t z  s h o w e d  t h a t  t h e  p o l a r i s a b i 1 i t y  o f  a s m a l l  
h o m o g e n e o u s  p a r t i c l e  w i t h  r a d i u s  r  a n d  r e f r a c t i v e  
i n d e x  n c o u l d  be  e x p r e s s e d  a s
a  = ( n 2 -  l ) . r ^ / ( n 2 ' + 2 )  ( 2 7 )
a n d  t h e  S c a t t e r i n g  m a t r i x  f o r  s u c h  a p a r t i c l e  i s  
1 0 0 0 \
2 0 u u
(2  8 )k 4 2 _  a
R2
0 co s 0 0
0 0 c o s 0  0
\  0 0 0 c o s  0 /
w h e r e  k = 2 tt/ A .
A b e a m o f  u n p o l a r i s e d  l i g h t  w i t h  i r r a d i a n c e  I  ; 
h a s  t h e  S t o k e s  p a r a m e t e r s  ( J I  ■, j I  , 0 , 0)  ; wh e n  t h i s  
b e a m i s  i n c i d e n t  u p o n  t h e  p a r t i c l e ,  t h e  s c a t t e r e d  
i r r a d i a n c e  i s
I x = k * a 2 . J I o / R 2   ( 2 9 a )
I  = k 4a 2 . J I  . c o s 2 0 / R 2 . . . . . . . .  ( 2 9 b )
t h u s  t h e  t o t a l  s c a t t e r e d  i r r a d i a n c e  i s
1 = I 1 + 1 2 = k 4 c t 2 « 2 I 0 * ( 1 + c o s 2 0 ) / R 2    ( 3 0 )
The  s c a t t e r i n g  c r o s s  s e c t i o n  c a n  b e  c a l c u l a t e d  f r o m  
e q u a t i o n  ( 1 6 )  :
A 2 f 2  TT f  TT _
C s c a  = | . k  . a  I j (1 + c o s  0 )  . s i n© , d©, dcf> 
J O  J O
o , 4 2 C 1 4 6  2 - 28 i r k a „ 8 T r k r / n - l \  ( 3 1 )
n 2 + 2
a n d  t h e  n o r m a l i s e d  p h a s e  f u n c t i o n
F ( 0 )  = 3 ( 1  + c o s 2 0 ) / 1 6 tt    ( 3 2 )
The  i m p o r t a n t  r e s u l t s  f r o m  t h e s e  f o r m u l a e  a r e
t h a t  t h e  s c a t t e r e d  i n t e n s i t y  a n d  s c a t t e r i n g  c r o s s
s e c t i o n  a r e  p r o p o r t i o n a l -  t o  X 4 , a n d  t h a t  whe n  0 = 9 0 °
-  0 a n d  t h e  s c a t t e r e d  l i g h t  i s  l i n e a r l y  p o l a r i s e d
w i t h  i t s  p l a n e  o f  p o l a r i s a t i o n  p e r p e n d i c u l a r  t o  t h e
s c a t t e r i n g  p l a n e .
3 . 2  S c a t t e r i n g  b y  a h y p o t h e t i c a l  g a s
C o n s i d e r  a " g a s ” c o n s i s t i n g  o f  h o m o g e n e o u s
p a r t i c l e s  w i t h  i s o t r o p i c  p o l a r i s a b i l i t y ;  i f  t h e r e  a r e  
. 3N p a r t i c l e s  p e r  m , a n d  t h e  a p p a r e n t  r e f r a c t i v e  i n d e x  
o f  t h e  g a s  i s  y , t h e n
y 2 -  1 _ 4irNa ( 3 3 )
y 2 + 2 3
T h u s  e q u a t i o n  ( 3 1 )  may b e  r e w r i t t e n  a s
3 2 2 3 2 2C s c a  = 2 4 it /  y -  1 \  = 8tt ( y  -  1)  ( 3 4 )
A4 N2 \ y 2 + 2 '  3N2 A4
2w h e r e  t h e  a p p r o x i m a t i o n  y + 2 = 3  h a s  b e e n  i n t r o d u c e d  
b e c a u s e  t h e  r e f r a c t i v e  i n d e x  o f  m o s t  r e a l  g a s e s  i s  
c l o s e  t o  u n i t y .  E q u a t i o n  ( 3 0 )  may be  r e w r i t t e n  
s i m i l a r l y
I  = l l  . it2 ( y 2 -  1 ) 2 (1 + c o s 2 0 ) / R 2 N2 X4    ( 3 5 )o
3 . 3  S c a t t e r i n g  b y  a r e a l  g a s  ( A i r )
The  m o l e c u l e s  o f  a  r e a l  g a s  a r e  n e i t h e r  s p h e r i c a l  
n o r  do t h e y  e x h i b i t  i s o t r o p i c  p o l a r i s a b i l i t y ;  f o r  
t h e s e  r e a s o n s ,  t h e  S c a t t e r i n g  m a t r i x  no  l o n g e r  t a k e s  
t h e  s i m p l e  f o r m  i n  e x p r e s s i o n  ( 2 8 ) ,  b u t  h a s  s i x  n o n ­
z e r o  e l e m e n t  s :
a ^  = 3A + 2B    ( 3 6 a )
a 12 = A -  B , ,  ..............  ( 3 6 b )
a 22 = A . -  B + ( 2A + 3 B ) c o s 20 . . . . .............  ( 3 6 d )
a 2 2 = ( 2 A + 3 B ) c o s O   . (3 6e )
a ^ 4 = 5 B c o s 0  ....................... ( 3 6 f )
w h e r e  A a n d  B a r e  f u n c t i o n s  o f  t h e  ( a n i s o t r o p i c )
p o l a r i s a b i l i t y  o f  t h e  p a r t i c l e .
F o r  a n  i n c i d e n t  b e a m o f  u n p o l a r i s e d  l i g h t ,  w i t h
i r r a d i a n c e  I  , t h e  s c a t t e r e d  i r r a d i a n c e s  a r e :  o
1 1 = + B>*k 4 / R2   ( 3 7 a )
1 2 = £ I q . ( 2A -  2B + (2A + 3 B ) c o s 20 ) . k 4 / R 2  ( 3 7 b )
(U = V = 0 ,  b e c a u s e '  U = V = 0)o o
When 0 = 9 0 °  t h e  s c a t t e r e d  l i g h t  i s  no  l o n g e r  l i n e a r l y  
p o l a r i s e d  ( c f .  e q u a t i o n s  ( 2 9 )  ) ,  a n d
I 2 / I 1 = (2A -  2 B ) / ( 4 A  + B) = p   ( 3 8 )
w h e r e  p i s  t h e  d e p o l a r i s a t i o n  f a c t o r .
P r o v i d e d  t h a t  t h e  i n c i d e n t  l i g h t  i s  u n p o l a r i s e d ,
t h e  s c a t t e r e d  i r r a d i a n c e  a n d  s c a t t e r i n g  c r o s s  s e c t i o n
c a n  b e  e x p r e s s e d  i n  t e r m s  o f  p ,  i n s t e a d  o f  A a n d  B.
8 tt 3 ( y  2 -  l ) 2 . ( 6  + 3p )
C s c a  = — y—j  ...................  .......................... ( 3 9 )
3 A N  (6 -  7 p )
a n d  t h e  t o t a l  s c a t t e r e d  i r r a d i a n c e
I  tt2 ( y 2 -  l ) 2 . (4 + 2 p ) . P ( c o s 0 )
i  = t V i        ( 4 0 )A N R  ( 6  -  7 p )
w h e r e  P ( c o s 0 )  = 3 (1 + p + (1 - p ) c o s 20)    ( 4 1 )
4 + 2p
A mo r e  c o n v e n i e n t  f o r m  o f  e q u a t i o n  ( 4 0 )  i s
I  C s c a  . P ( c o s 0 )
I  = ° ------ ^    ( 4 2 )
4 ttR
The  d e p o l a r i s a t i o n  f a c t o r  c a n  be  c a l c u l a t e d  f r o m  t h e
m e a s u r e m e n t s  o f  1^ a n d  I 2 , u s i n g  e q u a t i o n  ( 3 8 ) ;  a  r e c e n t
a c c e p t e d  v a l u e  f o r  a i r  i s  p = 0 . 0 3 5 .  The  p h a s e
f u n c t i o n  t h u s  b e c o m e s
P ( c o s O )  = 0 .  7 6 2 9  (1 .+ O , 9 3 2 c o s 2 0 )    ( 4 3 )
I n  p r a c t i c e ,  e q u a t i o n s  ( 3 9 ) ,  ( 4 0 ) ,  ( 4 2 )  a n d  ( 4 3 )  a r e
t h e  m o s t  u s e f u l .
A v a r i e t y  o f  c a l c u l a t i o n s  c o n c e r n e d  w i t h  R a y l e i g h
7 7s c a t t e r i n g  h a v e  b e e n  p e r f o r m e d  b y  P e n n d o r f  , a n d  some 
o f  t h e  r e s u l t s  a r e  s hown  i n  f i g s ,  1 8 a  a n d  1 8 b ,  I t  
s h o u l d  b e  n o t e d  t h a t  y i s  a f u n c t i o n  o f  A,  a n d  
c o n s e q u e n t l y  C s c a  a n d  I  a r e  n o t  p r o p o r t i o n a l  t o  
e x a c t l y  A A m o r e  d e t a i l e d  a c c o u n t  o f  R a y l e i g h
s c a t t e r i n g  c a n  b e  f o u n d  i n  t h e  e x c e l l e n t  m o n o g r a p h  b y  
Van de H u I s t ^ .
AEROSOL (MIE)  SCATTERING
The  Mi e  t h e o r y  d e s c r i b e s  t h e  s c a t t e r i n g  o f  l i g h t  
by  a h o m o g e n e o u s  s p h e r i c a l  p a r t i c l e  o f  a n y  s i z e ,  w i t h  
a r e a l  o r  c o m p l e x  r e f r a c t i v e  i n d e x .
The  S c a t t e r i n g  m a t r i x  i s  
S.  . S * 0 0
2 2 k R
0 S2 , S 2* 0 °
: \/  l - b i  0
0 0 R e ( S 1 . S 2 *)  - I m ( S 1 . S 2 *)
\  0 0 lTn(Sr  S2 *)  R e ( S r S2 * ) /
( 4 4 )
The  r e a l . a n d  i m a g i n a r y  p a r t s  o f  a c o m p l e x  n u m b e r  a r e  
r e p r e s e n t e d  by  Re a n d  Im,  r e s p e c t i v e l y ,  a n d  * 
i n d i c a t e s  t h e  c o m p l e x  c o n j u g a t e ,
S^ a n d  S£ a r e  c o m p l e x  n u m b e r s  w h i c h  a r e  d e f i n e d  b y :
00 2n + l  ( a  n + b T )
S = £   n n n n   ( 4 5 a )
n = l  n ( n  + l )
00 2n + l  ( a  T ' + b ir ) ' / / c , \g _ ^ ______________ n n n n    ( 4 5 b )
2 n = l  n (n + 1)
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F i g .  1 8 b  M o l e c u l a r  S c a t t e r i n g  P h a s e  F u n c t i o n
w h e r e  tt^  a n d  a r e  f u n c t i o n s  o f  t h e  s c a t t e r i n g  a n g l e
( 0 )  o n l y ;  a a n d  b a r e  f u n c t i o n s  o f  t h e  r e f r a c t i v e  n n
i n d e x  (m) a n d  t h e  s i z e  p a r a m e t e r  ( x  = 2 T r r / A) .  T h e s e  
f u n c t i o n s  w i l l  b e  c o n s i d e r e d  i n  g r e a t e r  d e t a i l  i n  
s e c t i o n  7.
F o r  u n p o l a r i s e d  i n c i d e n t  l i g h t  w i t h  i r r a d i a n c e  I  
t h e  s c a t t e r e d  i r r a d i a n c e s  a r e :
X1 = s 1 - s 1 * - 5 I 0 / k2R2     ( 4 6 a )
I 2 = S2 * S2* *  ^^o / r 2 r 2  • • • ............ ( 4 6 b )
(U = v = 0 ,  b e c a u s e  U = V = 0)* o o
a n d  t h e  t o t a l  s c a t t e r e d  i r r a d i a n c e  i s
I  = I x + I 2 = JXo ( S 1 . S 1 * + S2 . S 2 * ) / k 2 R2   ( 4 7 )
The  e x t i n c t i o n  a n d  s c a t t e r i n g  c r o s s  s e c t i o n s  a r e  
c a l c u l a t e d  f r o m :
X  CO
C e x t  = —  E ( 2 n  + l ) . R e ( a  + b )   ( 4 8 )
2ir , n n
n = l
, 2
A 00
C s c a  = —  £ ( 2 n  + l )  ( a  . a  * + b . b  *)    ( 4 9 )o • n n n n2 TT -
n = 1
( f o r  t h e  d e r i v a t i o n  o f  t h e s e  f o r m u l a e  s e e  Van de  
H u l s t ^ )
Some c h a r a c t e r i s t i c s  o f  Mi e  s c a t t e r i n g  a r e  
i l l u s t r a t e d  i n  f i g s .  1 9 - 2 5 ,  t h e  d a t a  f o r  w h i c h  w e r e  
c a l c u l a t e d  w i t h  t h e  c o m p u t e r  p r o g r a m s  d e s c r i b e d  i n  
s e c t i o n  7.  I n  t h e s e  d i a g r a m s ,  t h e  v a l u e  n = 1 , 5 0  h a s  
b e e n  u s e d  f o r  t h e  r e a l  p a r t  o f  t h e  r e f r a c t i v e  i n d e x  
b e c a u s e  i t  i s  r e p r e s e n t a t i v e  o f  r e a l  a t m o s p h e r i c  
a e r o s o l s ;  w h e r e  n e c e s s a r y ,  t h e  w a v e l e n g t h  X = 5 5 0  nm 
h a s  b e e n  c h o s e n  s i n c e  i t  l i e s  i n  t h e  m i d d l e  o f  t h e  
v i s i b l e  r e g i o n .
(0
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F i e .  19 Mi e  S c a t t e r i n e :  N o r m a l i s e d  P h a s e  F u n c t i o n
f o r  m = 1 . 5 0
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The  n o r m a l i s e d  p h a s e  f u n c t i o n  o f  a p a r t i c l e  w i t h  
r e a l  r e f r a c t i v e  i n d e x  i s  s hown  i n  f i g s ,  1 9 - 2 1 ,  f o r  
d i f f e r e n t  v a l u e s  o f  x .  As x i n c r e a s e s ,  t h e  a n g u l a r  
d i s t r i b u t i o n  o f  t h e  s c a t t e r e d  l i g h t  b e c o m e s  mo r e  
c o m p l e x ,  a n d  t h e  f i r s t  mi n i mu m i n  t h e  c u r v e  o c c u r s  a t  
s m a l l e r  v a l u e s  o f  0 .  F ( 0 )  a l w a y s  h a s  i t s  maxi mum
v a l u e  a t  0 = 0 ;  t h u s  t h e  s t r o n g e s t  s c a t t e r i n g  i s  
a l w a y s  i n  t h e  f o r w a r d  d i r e c t i o n .
A p a r t i c l e  w h i c h  h a s  a c o m p l e x  r e f r a c t i v e  i n d e x  
w i l l  s c a t t e r  a n d  a b s o r b  l i g h t .  The  e f f e c t  o f  
a b s o r p t i o n  may b e  s e e n  i n  f i g s .  22 a n d  23  w h i c h  r e f e r  
t o  p a r t i c l e s  o f  r a d i u s  0 . 1  yin a n d  0 . 5  ym,  r e s p e c t i v e l y  
I n  e a c h  d i a g r a m  t h e  s i z e  o f  t h e  p a r t i c l e  i s  c o n s t a n t  
w h i l e  t h e  i m a g i n a r y  p a r t  o f  t h e  r e f r a c t i v e  i n d e x  ( n 1) 
i n c r e a s e s  f r o m  0 t o  0 , 1 ;  t h i s  p r o d u c e s  a d e c r e a s e  i n  
t h e  i n t e n s i t y  o f  t h e  s c a t t e r e d  l i g h t .
I t  was  s t a t e d  e a r l i e r  t h a t  t h e  Mi e  t h e o r y  i s  
a p p l i c a b l e  t o  p a r t i c l e s  o f  a n y  s i z e ;  a n  i l l u s t r a t i o n  
o f  t h i s  f a c t  i s  p r o v i d e d  i n  f i g .  24 w h i c h  s h o ws  t h e  
s c a t t e r i n g  c r o s s  s e c t i o n  a s  a f u n c t i o n  o f  t h e  p a r t i c l e  
r a d i u s  f o r  m = 1 , 5 0  a n d  A = 5 5 0  nm,  The  c u r v e  may b e  
d i v i d e d  i n t o  t h r e e  r e g i o n s  a c c o r d i n g  t o  t h e  r e l a t i o n  
b e t w e e n  C s c a  a n d  r .
- 1  2( a )  V e r y  s m a l l  p a r t i c l e s :  r  < 10 ’ ym
( r  < 0 . 0 6 3  y m ) . T h i s  p a r t  o f  t h e  c u r v e  i s
l i n e a r  a n d  h a s  a s l o p e  o f  +6 ;  t h e  a x e s  o f
f i g .  24 h a v e  l o g a r i t h m i c  s c a l e s ,  t h u s  f o r  
v e r y  s m a l l  p a r t i c l e s  C s c a  i s  p r o p o r t i o n a l  
t o  r ^ .  T h i s  c o r r e s p o n d s  t o  R a y l e i g h  
s c a t t e r i n g  b y  a s i n g l e  p a r t i c l e ,  a s  d e s c r i b e d
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F i g .  22 Mi e  S c a t t e r i n g :  E f f e c t  o f  A b s o r p t i o n
f o r  r  = 0 . 1  ym,  m = 1 . 5 0  -  i n ’ , X = 550  nm
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i n  s e c t i o n  6 . 3 , 1 ;  t h e  r e l a t i o n  b e t w e e n  C s c a  
a n d  r  i s  c o n t a i n e d  i n  e q u a t i o n  ( 3 1 ) ,  Thus  
t h e  R a y l e i g h  t h e o r y  i s  a l i m i t i n g  c a s e  o f  
t h e  Mi e  t h e o r y  f o r  r  << X.
I n t e r m e d i a t e  s i z e :  10 ^ ^  < r  < 1 0 ^ * ^  ym
( 0 . 0 6  3 < r  < 6 . 3  yi n) .  The  r e l a t i o n  b e t w e e n  
C s c a  a n d  r  i s  m o r e  c o m p l e x  wh e n  t h e  s i z e  o f  
t h e  p a r t i c l e  i s  c o m p a r a b l e  w i t h  t h e  w a v e l e n g t h  
o f  t h e  i n c i d e n t  l i g h t .  T h i s  r e g i o n  i s  s h o wn  
m o r e  c l e a r l y  i n  t h e  u p p e r  c u r v e  o f  f i g .  2 5 ;  
f o r  X = 5 5 0  nm,  t h e  r a n g e  10 < r  < 1 0 ^ * ^  ym
c o r r e s p o n d s  t o  0 , 7 2  < x < 7 2 ,  The  s c a t t e r i n g  
e f f i c i e n c y  f a c t o r  i s  d e f i n e d  by
Q s c a  C s c a / G  , , , , , , , ,  ( 5 0 )
w h e r e  G i s  t h e  g e o m e t r i c a l  c r o s s  s e c t i o n  o f  t h e
2p a r t i c l e ;  f o r  a s p h e r e  G = TTr , a n d  Q s c a  i s  a 
f u n c t i o n  o f  m a n d  x o n l y .  The  e x t i n c t i o n  
e f f i c i e n c y  f a c t o r  ( Q e x t )  a n d  a b s o r p t i o n  
e f f i c i e n c y  f a c t o r  ( Q a b s )  may b e  d e f i n e d  i n  a 
s i m i l a r  m a n n e r .  The  l o w e r  c u r v e  i n  f i g ,  25 
s h o ws  Qs c a  a s  a f u n c t i o n  o f  x f o r  m = 1 . 3 3 ,  
w h i c h  i s  t h e  r e f r a c t i v e  i n d e x  o f  l i q u i d  w a t e r .  
The  f u n c t i o n  Q s c a ( x , m )  h a s  t wo n o t e w o r t h y  
f e a t u r e s .  F i r s t l y ,  Qs c a  h a s  a maxi mum v a l u e ,  
t h e  m a g n i t u d e  a n d  p o s i t i o n  ( x )  o f  w h i c h  d e p e n d  
on  m. T h u s ,  g i v e n  a p a r t i c l e  o f  a p a r t i c u l a r  
s i 2 e  a n d  r e f r a c t i v e  i n d e x ,  i t  i s  p o s s i b l e  t o  
d e t e r m i n e  w h i c h  w a v e l e n g t h  o f  l i g h t  w i l l  b e  
s c a t t e r e d  m o s t  s t r o n g l y  by  t h a t  p a r t i c l e .  F o r
Qs
ca
 
Q
sc
a
1 . 5 04
2
0
40200
x
4 1 .  33
2
0
40200
x
F i g .  25 The  S c a t t e r i n g  E f f i c i e n c y  F a c t o r  a s  a f u n c t i o n  
o f  t h e  S i z e  P a r a m e t e r
e x a m p l e ,  i n  t h e  u p p e r  c u r v e ,  t h e  maxi mum o c c u r s  
a t  x = 4 . 2 ,  w h i l e  i n  t h e  l o w e r  c u r v e  i t  o c c u r s
a t  x = 6 , 5 ;  t h u s  a n  a e r o s o l  p a r t i c l e  (m = 1 , 5 0 )
o f  r a d i u s  0 . 5  ym w i l l  s c a t t e r  l i g h t  o f  
w a v e l e n g t h  750 nm mo r e  s t r o n g l y  t h a n  a n y  o t h e r  
w a v e l e n g t h ,  w h e r e a s  a w a t e r  d r o p l e t  o f  t h e  
s ame  s i z e  w i l l  s c a t t e r  490  nm l i g h t  m o s t  
s t r o n g l y .  The  s e c o n d  i m p o r t a n t  f e a t u r e  o f  t h e  
c u r v e s  i s  t h a t  Qs c a  a p p r o a c h e s  t h e  v a l u e  2 f o r  
l a r g e  x ;  c a l c u l a t i o n s  w e r e  p e r f o r m e d  f o r  
x  = 1 0 0 ,  w i t h  t h e  f o l l o w i n g  r e s u l t s :
Q s c a  = 2 . 1 0 1  wh e n  m = 1 . 3 3 ,  a n d  Qs c a  = 2 . 0 9 4
wh e n  m = 1 . 5 0 .
0 8L a r g e  p a r t i c l e s :  r  > 10 ym ( r  > 6 , 3  y m ) .
The  c u r v e  ( f i g .  2 4 )  i s  a g a i n  l i n e a r ,  a n d  C s c a
2 . . ’ .i s  p r o p o r t i o n a l  t o  r  ; t h i s  i s  t h e  s i t u a t i o n
m e n t i o n e d  i n  ( b ) , w h e r e  Q s c a  = 2 a n d
2C s c a  = 2G = 27Tr . F o r  v e r y  l a r g e  v a l u e s  o f  x ,
t h e  s c a t t e r i n g  c r o s s  s e c t i o n  a n d  a n g u l a r
d i s t r i b u t i o n  o f  s c a t t e r e d  l i g h t  c a n  b e
c a l c u l a t e d  b y  t h e  m e t h o d s  o f  g e o m e t r i c a l  a n d
p h y s i c a l  o p t i c s ,  w h i c h  i s  a n  a p p r o x i m a t i o n  t o
t h e  Mi e  t h e o r y  f o r  r  >> X. The  v a l u e  o f  x a t
w h i c h  t h e  a p p r o x i m a t i o n  b e c o m e s  v a l i d  d e p e n d s
on t h e  r e f r a c t i v e  i n d e x  o f  t h e  p a r t i c l e .  F o r  
78e x a m p l e ,  Dave  c o m p a r e d  t h e  e x a c t  a n d  
a p p r o x i m a t e  t h e o r i e s  w h i l e  i n v e s t i g a t i n g  t h e  
o p t i c s  o f  t h e  r a i n b o w ;  t h e r e  was  g o o d  
a g r e e m e n t  b e t w e e n  t h e  t wo s e t s  o f  r e s u l t s  wh e n  
x > 8 0 0 ,  b u t  t h e  Mi e  t h e o r y  c a l c u l a t i o n s
p r o d u c e d  f e a t u r e s  w h i c h  c o u l d n o t b e  
e x p l a i n e d  i n  t e r m s  o f  g e o m e t r i c a l  a n d  
p h y s i c a l  o p t i c s .
SCATTERING BY MANY PARTICLES
The  s c a t t e r i n g  o f  l i g h t  i n  a me d i u m c o n t a i n i n g  
many p a r t i c l e s  i s  d e s c r i b e d  by  t h e  t h e o r y  o f  R a d i a t i v e  
T r a n s f e r ,  w h i c h  e n a b l e s  t h e  r a d i a t i o n  f i e l d  t o  b e  
c a l c u l a t e d  a t  a n y  p o i n t  w i t h i n  t h e  m e d i u m .  An a c c o u n t  
o f  t h e  R a d i a t i v e  T r a n s f e r  t h e o r y  wa s  p u b l i s h e d  b y  
C h a n d r a s e k h a r ^  i n  1 9 5 0 ;  s i n c e  t h e n ,  ma ny  d i f f e r e n t  
m e t h o d s  h a v e  b e e n  e v o l v e d  f o r  s o l v i n g  t h e  R a d i a t i v e  
T r a n s f e r  e q u a t i o n s .  The  c a l c u l a t i o n s  t o  b e  d e s c r i b e d  
i n  t h i s  t h e s i s  r e p r e s e n t  a v e r y  much s i m p l i f i e d  
t r e a t m e n t  o f  t h e  e x a c t  t h e o r y ;  t h e y  a r e  b a s e d  on  t h e  
a s s u m p t i o n s  o f  s i n g l e  a n d  i n d e p e n d e n t  s c a t t e r i n g .
I n d e p e n d e n t  s c a t t e r i n g  me a n s  t h a t  t h e r e  i s  no 
s y s t e m a t i c  r e l a t i o n  b e t w e e n  t h e  p h a s e s  o f  w a v e s  
s c a t t e r e d  by  d i f f e r e n t  p a r t i c l e s ;  t h u s  t h e  i n t e n s i t i e s  
o f  t h e  w a v e s  may b e  a d d e d  w i t h o u t  r e g a r d  t o  t h e i r  
p h a s e s .  A c r i t e r i o n  f o r  i n d e p e n d e n t  s c a t t e r i n g  i s  
t h a t  t h e  d i s t a n c e  b e t w e e n  a n y  t wo p a r t i c l e s  s h o u l d  n o t  
b e  l e s s  t h a n  t h r e e  t i m e s  t h e i r  r a d i u s ;  t h i s  c o n d i t i o n  
i s  s a t i s f i e d  e v e n  i n  d e n s e  f o g ,  a n d  s o  i t  may b e  
a s s u m e d  t h a t  i n d e p e n d e n t  s c a t t e r i n g  o c c u r s  wh e n  l i g h t  
p r o p a g a t e s  t h r o u g h  t h e  a t m o s p h e r e .
S i n g l e  s c a t t e r i n g  o c c u r s  wh e n  l i g h t  p a s s e s  
d i r e c t l y  f r o m  i t s  s o u r c e  t o  t h e  p a r t i c l e ,  a n d  t h e n  t h e  
s c a t t e r e d  l i g h t  p a s s e s  d i r e c t l y  f r o m  t h e  p a r t i c l e  t o  a 
r e c e i v e r ,  w i t h o u t  b e i n g  s c a t t e r e d  b y  a s e c o n d  p a r t i c l e ;
i . e .  e a c h  p a r t i c l e  i s  t r e a t e d  a s  t h o u g h  i t  w e r e  t h e  
o n l y  p a r t i c l e  p r e s e n t  i n  t h e  m e d i u m .  T h i s  m e a n s  t h a t ,  
f o r  e x a m p l e ,  t h e  i n t e n s i t y  o f  l i g h t  s c a t t e r e d  b y  N 
i d e n t i c a l  p a r t i c l e s  w o u l d  b e  e q u a l  t o  N t i m e s  t h e  
i n t e n s i t y  s c a t t e r e d  by  o n e  o f  t h e  p a r t i c l e s .
Van de  H u l s t  h a s  s u g g e s t e d  t h a t  t h e  p r e s e n c e  o f  s i n g l e -  
o r  m u l t i p l e  s c a t t e r i n g  c a n  b e  i n f e r r e d  f r o m  t h e  o p t i c a l  
d e n s i t y  ( t h i c k n e s s )  o f  t h e  m e d i u m ;  a s s u m i n g  t h a t  t h e
. — t  .i n t e n s i t y  o f  a b e a m o f  l i g h t  i s  r e d u c e d  t o  e o f  i t s
i n i t i a l  v a l u e  a s  a r e s u l t  o f  s c a t t e r i n g ,  t h e n  i f  
t  < 0 . 1 .  S i n g l e  s c a t t e r i n g  i s  p r e s e n t .
0 . 1  < t  < 0 . 3  A c o r r e c t i o n  f o r  d o u b l e  s c a t t e r i n g  may 
b e  n e c e s s a r y ,  
t  > 0 . 3  M u l t i p l e  s c a t t e r i n g  i s  p r e s e n t .
The  t r a n s m i s s i o n  o f  l i g h t  f r o m  t h e  t o p  t o  t h e  b o t t o m  
o f  t h e  a t m o s p h e r e  i n v o l v e s  some m u l t i p l e  s c a t t e r i n g .
A t h i r d  a p p r o x i m a t i o n  h a s  t o  b e  i n t r o d u c e d ;  t h e  
s c a t t e r i n g  p a r t i c l e  a t  p o i n t  0 i n  f i g s .  16 a n d  17 i s  
r e p l a c e d  b y  a s m a l l  s p h e r i c a l  v o l u m e  e l e m e n t  
c o n t a i n i n g  s p h e r i c a l  p a r t i c l e s  w h i c h  a r e  i n  r a n d o m  
m o t i o n  d u r i n g  t h e  t i m e  i n t e r v a l  r e q u i r e d  f o r  a n  
o b s e r v a t i o n .  The  v o l u m e  m u s t  be  l a r g e  e n o u g h  t o  
c o n t a i n  a p e r f e c t  s a m p l e  o f  a l l  t h e  p a r t i c l e s  i n  t h e  
me d i u m o f  w h i c h  i t  i s  a n  e l e m e n t ;  i t  m u s t  b e  s o  s m a l l  
t h a t  e a c h  p a r t i c l e  r e c e i v e s  t h e  s ame  i n c i d e n t  l i g h t ,  
u n a f f e c t e d  by  t h e  p r e s e n c e  o f  t h e  o t h e r  p a r t i c l e s .
The  p a r t i c l e s  m u s t  be  s u f f i c i e n t l y  f a r  a p a r t  t h a t  o n l y  
s i n g l e  s c a t t e r i n g  o c c u r s  w i t h i n  t h e  v o l u m e  e l e m e n t ;  
t h e  w h o l e  e l e m e n t  m u s t  b e  h o m o g e n e o u s  a n d  e x h i b i t  
s p h e r i c a l  s y m m e t r y .
The  r e s u l t  o f  t h e s e  a p p r o x i m a t i o n s  i s  t h a t  t h e  
a t t e n u a t i o n  a n d  s c a t t e r i n g  o f  l i g h t  i n  t h e  a t m o s p h e r e  
c a n  b e  c a l c u l a t e d  s i m p l y ,  b y  a d d i n g  t o g e t h e r  t h e  
c o n t r i b u t i o n s  f r o m  e a c h  i n d i v i d u a l  p a r t i c l e ,
6 . 5 . 1  A i r  M o l e c u l e s
\  ' •
C o n s i d e r  a v o l u m e  o f  a i r  c o n t a i n i n g  N ( i d e n t i c a l )
3 .g a s  m o l e c u l e s  p e r  m . The  t o t a l  s c a t t e r i n g  c r o s s
s e c t i o n  o f  o n e  m o l e c u l e  w i l l  b e  r e p r e s e n t e d  b y  t h e  
s y m b o l  CR ; t h u s  CR i s  i d e n t i c a l  t o  C s c a  i n  e q u a t i o n  
( 3 9 ) .  N o t e  t h a t  CR i s  a f u n c t i o n  o f  t h e  w a v e l e n g t h ,  A.
When a b e a m o f  u n p o l a r i s e d  l i g h t ,  w i t h  i m a d i a n c e  
I q , p a s s e s  t h r o u g h  a l e n g t h  L o f  t h i s  m e d i u m ,  i t  w i l l  
b e  a t t e n u a t e d  b y  m o l e c u l a r  s c a t t e r i n g  i n  a c c o r d a n c e  
w i t h  t h e  B e e r - L a m b e r t  l a w ;  t h e  i r r a d i a n c e  o f  t h e  
e m e r g i n g  b e a m w i l l  be
I  = I q . e x p  ( - b R . L)    ( 5 1 )
w h e r e  b R = N . CR i s  t h e  R a y l e i g h  s c a t t e r i n g  a t t e n u a t i o n
• c o e f f i c i e n t  p e r  m e t r e .
An e x p r e s s i o n  f o r  t h e  a n g u l a r  d i s t r i b u t i o n  o f  t h e
l i g h t  s c a t t e r e d  b y  o n e  m o l e c u l e  wa s  g i v e n  i n  e q u a t i o n
3( 4 2 ) ;  t h e  i r r a d i a n c e  s c a t t e r e d  b y  1 m o f  a i r  w i l l  b e  
e q u a l  t o  N t i m e s  t h e  i r r a d i a n c e  s c a t t e r e d  b y  o n e  
p a r t i c l e ,  t h u s
I R ( 0 )  = I o . b R . P ( c o s 0 ) / ( 4 i r R 2 )   ( 5 2 )
6 . 5 . 2  A e r o s o l  P a r t i c l e s
The  a e r o s o l  i s  a s s u m e d  t o  c o n s i s t  o f  h o m o g e n e o u s
s p h e r i c a l  p a r t i c l e s  w h i c h  a r e  a l l  c o m p o s e d  o f  t h e  s a me
m a t e r i a l ;  t h e  s i z e s  o f  t h e  p a r t i c l e s  a r e  d e s c r i b e d  by
t h e  s i z e  d i s t r i b u t i o n  f u n c t i o n  n ( r ) ,  w h e r e ,  b y
3d e f i n i t i o n ,  t h e  n u m b e r  o f  p a r t i c l e s  i n  1 cm o f
a e r o s o l  w h o s e  r a d i i  l i e  b e t w e e n  r  ym a n d  r + d r  ym i s  
n  ( r )  . d r ;  The  r a d i i  o f  t h e  s m a l l e s t  a n d  l a r g e s t  p a r t i c l e s '  
i n  t h e  a e r o s o l  a r e  r ^  a n d  i^ j r e s p e c t i v e l y »
. An e x p r e s s i o n  s i m i l a r  t o  e q u a t i o n  ( 5 1 )  c a n  b e  
w r i  t t e n  f o r  a me d i u m w h i  c h  c o n t a i n s  on l y  a e r o s o l  p a r t i c l e s :
I  = I q . e x p  ( “ b ^ .  L) . ...................  ( 5 3 )
w h e r e  i s  t h e  a e r o s o l  a t t e n u a t i o n  c o e f f i c i e n t  p e r  m e t r e .  
The a m o u n t  o f  l i g h t  w h i c h  an  a e r o s o l  p a r t i c l e  r e m o v e s  
f r o m  t h e  b e a m d e p e n d s  on t h e  e x t i n c t i o n  c r o s s  s e c t i o n  o f  
t h a t  p a r t i c l e ;  t h u s  t h e  c o n t r i b u t i o n  t o  b.^ f r o m  p a r t i c l e s  
w h o s e  r a d i i  l i e  b e t w e e n  r  a n d  r + d r  i s
d b ^  = C e x t . n ( r )  . d r    ( 5 4 )
w h e r e  C e x t  i s  t h e  e x t i n c t i o n  c r o s s  s e c t i o n  f o r  a p a r t i c l e  o f  
r a d i u s  r ,  a s  d e f i n e d  i n  e q u a t i o n  ( 4 8 ) .  N o t e  t h a t  C e x t  i s  
a l s o  a f u n c t i o n  o f  m a n d  A-. The  a t t e n u a t i o n  c o e f f i c i e n t  
b ^  i s  o b t a i n e d  by  i n t e g r a t i n g  e x p r e s s i o n  ( 5 4 )  o v e r  a l l  
v a l u e s  o f  r ;  t h u s
r r  2b ^  = I C e x t . n ( r )  . d r    ( 5 5 )
r l
The  a n g u l a r  d i s t r i b u t i o n  o f  s c a t t e r e d  l i g h t  i s  c a l c u l a t e d
i n  a s i m i l a r  w a y ;  t h e  i r r a d i a n c e  s c a t t e r e d  by  a p a r t i c l e
o f  r a d i u s  r  i s  s h o wn  i n  e q u a t i o n  ( 4 7 ) ,  so  t h e  i r r a d i a n c e
3s c a t t e r e d b y l m  o f  t h e  a e r o s o l  i s
I A ( ° )  = £ l 0 / ( k 2 R2 )
' r 2
( S r  S x * + S2 » S2 *)  . n ( r )  . d r  . .  ( 5 6 )
r l
A c o n s t a n t  n u m e r i c a l  f a c t o r  w i l l  b e  r e q u i r e d  i n  
e q u a t i o n s  ( 5 5 )  a n d  ( 5 6 )  t o  c o n v e r t  t h e  u n i t s  i n t o  m  ^
a n d  m s r  \  r e s p e c t i v e l y .
The  S t o k e s  p a r a m e t e r s  o f  t h e  s c a t t e r e d  l i g h t  c a n  b e
o b t a i n e d  by  i n t e g r a t i n g  e a c h  o f  t h e  f o u r  e l e m e n t s  o f
t h e  S c a t t e r i n g  m a t r i x  . s e p a r a t e l y .
The  l i g h t - s c a t t e r i n g  p r o p e r t i e s  o f  s p h e r i c a l
a e r o s o l  p a r t i c l e s  h a v e  b e e n  c a l c u l a t e d  by  
39D e i r m e n d j l a n  ; h e  h a s  c o m p i l e d  a l a r g e  n u m b e r  o f  
t a b l e s  w h i c h  s how t h e  e x t i n c t i o n  a n d  s c a t t e r i n g  c r o s s  
s e c t i o n s  a n d  t h e  e l e m e n t s  o f  t h e  S c a t t e r i n g  m a t r i x  f o r  
t h r e e  a e r o s o l  s i z e  d i s t r i b u t i o n  f u n c t i o n s  a n d  a 
v a r i e t y  o f  r e f r a c t i v e  i n d e x e s .
I t  h a s  b e e n  a s s u m e d ,  w i t h o u t  c o m m e n t ,  t h a t  a e r o s o l
p a r t i c l e s  c a n  b e  r e g a r d e d  a s  h o m o g e n e o u s  s p h e r e s .
. . 79T h i s  a s s u m p t i o n  i s  j u s t i f i e d  by  t h e  w o r k  o f  H o l l a n d
who s h o we d  t h a t  t h e  s c a t t e r i n g  b e h a v i o u r  o f  i r r e g u l a r  
b u t  r a n d o m l y  o r i e n t a t e d  p a r t i c l e s  was  s i m i l a r  t o  t h e  
s c a t t e r i n g  b e h a v i o u r  o f  s p h e r i c a l  p a r t i c l e s ,  a t  l e a s t  
i n  t h e  f o r w a r d  h e m i s p h e r e  ( 0  < 9 0 ° )  . The  e r r o r  
a r i s i n g  f r o m  t h i s  a s s u m p t i o n  i s  n e g l i g i b l e  wh e n  
c o m p a r e d  w i t h  t h e  e r r o r  r e s u l t i n g  f r o m  t h e  
a p p r o x i m a t i o n s  w h i c h  w e r e  i n t r o d u c e d  a t  t h e  b e g i n n i n g  
o f  s e c t i o n  6.
6 . 5 . 3  A i r  M o l e c u l e s  a n d  A e r o s o l  P a r t i c l e s
When a b e a m o f  u n p o l a r i s e d  m o n o c h r o m a t i c  l i g h t ,  
w i t h  i r r a d i a n c e  I q , i s  t r a n s m i t t e d  h o r i z o n t a l l y  
t h r o u g h  t h e  a t m o s p h e r e ,  t h e  i r r a d i a n c e  a t  a d i s t a n c e  L 
f r o m  t h e  s o u r c e  o f  t h e  l i g h t  i s
I  = I Q. e x p ( - ( b R + b A) . L )  .........................  ( 5 7 )
The  i r r a d i a n c e  s c a t t e r e d  f r o m  a v o l u m e  e l e m e n t  dV i s
1 ( 0 ) . dV = d A ( 0 )  + I R( 0 ) ) . d V  ...................  ( 5 8 )
The  n u m b e r  o f  a i r  m o l e c u l e s  a n d  a e r o s o l  p a r t i c l e s
3m  a 1 m v o l u m e  o f  t h e  a t m o s p h e r e  d e p e n d s  on  t h e
h e i g h t  o f  t h a t  v o l u m e  a b o v e  s e a  l e v e l ;  t h e  c o n s e q u e n t  
v a r i a t i o n s  i n  b R , b ^ ,  I R ( 0 )  a n d  1A (©) m u s t  b e
c o n s i d e r e d  wh e n  c a l c u l a t i n g  t h e  i n t e n s i t y  o f  l i g h t  
s c a t t e r e d  a t  d i f f e r e n t  a l t i t u d e s  a n d  t h e  t r a n s m i s s i o n  
o f  l i g h t  b e a ms  t h r o u g h  t h e  a t m o s p h e r e  a l o n g  n o n ­
h o r i z o n t a l  p a t h s .
The  p o l a r i s a t i o n  o f  t h e  s c a t t e r e d  l i g h t  c a n  b e  
d e d u c e d  f r o m  t h e  S c a t t e r i n g  m a t r i c e s  i n  e q u a t i o n s  ( 3 6 )  
a n d  ( 4 4 ) ;  wh e n  u n p o l a r i s e d  i n c o h e r e n t  l i g h t  
( 1 1 , 1 1 , 0 , 0 )  i s  i n c i d e n t  u p o n  a m i x t u r e  o f  a i r  
m o l e c u l e s  a n d  s p h e r i c a l  h o m o g e n e o u s  a e r o s o l  p a r t i c l e s ,  
t h e  s c a t t e r e d  l i g h t  ( 1 ^ ( 0 ) , ( 0 ) , 0 , 0 )  i s  p a r t i a l l y  
p o l a r i s e d ,  e x c e p t  i n  t h e  f o r w a r d  (0  = 0 ° )  a n d  b a c k w a r d  
( 0  = 1 8 0 ° )  d i r e c t i o n s ,  w h e r e  i t  i s  u n p o l a r i s e d .
THE CALCULATION OF MIE SCATTERING FUNCTIONS
I n  o r d e r  t o  d e t e r m i n e  t h e  l i g h t - s c a t t e r i n g  
p r o p e r t i e s  o f  a h o m o g e n e o u s  s p h e r i c a l  p a r t i c l e ,  i t  i s  
n e c e s s a r y  t o  e v a l u a t e  t h e  f u n c t i o n s  S ^ ( m , x , 0 ) ,
S 2 ( m , x , 0 ) ,  C e x t ( m , x , A )  a n d  C s c a ( m , x , A ) ; t h e s e  f u n c t i o n s  
w e r e  d e f i n e d  i n  s e c t i o n  6 . 4 ,  a s  f o l l o w s :
<X>
c. v 2n  + 1 ( a 11 + b T ) / , r \si  = V  TTuTiy n n n n ............... (45a)n= 1
00
n v 2n + l  ( a  T + b tt ).............................. ....................... ( 4 5 b )S 0 = E . — >—7TT n n n n v 72 . n ( n +1)n = l  -
X2 "
C e x t  = —  E ( 2 n + l )  . R e ( a  + b )  .......................... ( 4 8 )
2"  n=X n n
X2 “C s c a  = —  E ( 2 n + l ) ( a  . a  * + b . b  *) .................................... ( 4 9 )
2 tt n = i  n n n  n
F o r  c o n v e n i e n c e ,  t h e  d i m e n s i o n l e s s  f u n c t i o n s  
P e x t ( m , x )  a n d  P s c a ( m , x )  a r e  i n t r o d u c e d  t o  r e p r e s e n t  t h e  
i n f i n i t e  s e r i e s  i n  e q u a t i o n s  ( 4 8 )  a n d  ( 4 9 ) ,  r e s p e c t i v e l y ;  
t h u s
C e x t  = ( X^ / 2 tt) . P e x t ......................................................... ................. ..  ( 5 9 )
C s c a  = ( A ^ / 2 tt) . P s c a ......................................................... .......................... ( 6 0 )
Th e  e x t i n c t i o n  a n d  s c a t t e r i n g  e f f i c i e n c y  f a c t o r s  a r e :
Q e x t  = C e x t / i r r ^  = ( 2 / x ^ ) . P e x t ............................. .......................... ( 6 1 )
Q s c a  = C s c a / u r ^  = ( 2 / x ^ ) . P s c a ............................. .......................... ( 6 2 )
The  f u n c t i o n s  P e x t  a n d  P s c a  a r e  u s e f u l  b e c a u s e
C e x t ,  C s c a ,  Q e x t  a n d  Q s c a  c a n  b e  c a l c u l a t e d  d i r e c t l y
f r o m  t h e m ;  i n  p a r t i c u l a r ,  t h e  v a l u e s  o f  C e x t  a n d  C s c a
may b e  o b t a i n e d  w i t h o u t  u s i n g  t h e  r a t h e r  i n e f f i c i e n t
m e t h o d  o f  f i r s t  c a l c u l a t i n g  Q e x t  a n d  Q s c a  a n d  t h e n
2
m u l t i p l y i n g  b y  ttr .
7 . 1  EVALUATION OF a ( m , x ) , . b  ( m , x ) ,  7T ( 0 ) ,  t  ( 0 )   n -—2—'—i  n -—1—— n -—— n— '
T h e r e  a r e  a v a r i e t y  o f  m e t h o d s  f o r  c a l c u l a t i n g  
t h e s e  f u n c t i o n s  by  c o m p u t e r ,  e . g .  s e e  r e f s .  80 a n d  8 1 ;  
t h e  m e t h o d  d e s c r i b e d  h e r e  c l o s e l y  f o l i o w s  t h e  
f o r m u l a t i o n  p r e s e n t e d  by  D e i r m e n d j i a n  ( r e f .  3 9 ,  c h .  2 ) .
7 . 1 . 1 a ( m , x ) a n d b ( m , x )- n - —1——-----------n -—-—
w h e r e  y = mx;  t h u s  y i s  c o m p l e x  whe n  m i s  c o m p l e x ,  a n d
y i s  r e a l  wh e n  m i s  r e a l .
The  f u n c t i o n s  w ( x )  a n d  A ( y ) , w h i c h  a r e  d e f i n e d  n n
i n  t e r m s  o f  B e s s e l  f u n c t i o n s ,  a r e  g e n e r a t e d  by  u p w a r d  
r e c u r r e n c e  f o r m u l a e ,  a s  f o l l o w s :
T h e s e  f u n c t i o n s  c a n  b e  w r i t t e n  i n  t h e  f o r m :
■u / \ ( mA ( y )  + . Re ( w ( x ) ) - R e ( w  ( x )  ) / - / \b ^  (m,  x)  = \  n  w  x /  v n  v n - 1 v y 7 . . ( b 4 )
w ( x )  = ^2 n - -^ .w - ( x )  -  w 0 ( x )  n x  n - 1  n - 2 ( 6 5 )
The  r e c u r r e n c e  s t a r t s  f r o m  t h e  ( c o m p l e x )  v a l u e s  
w _ ^ ( x )  = c o s ( x )  -  i s i n ( x )  . . . . . . . . ( 6  6a )
Wq ( x ) = s i n ( x )  + i c o s ( x ) ( 6 6 b )
w h i c h  a r e  o b t a i n e d  f r o m  t h e  B e s s e l  f u n c t i o n s .  I t
s h o u l d  b e  n o t e d  t h a t  wn ( x )  i s  a l w a y s  c o m p l e x ,  e v e n  
t h o u g h  x i s  r e a l .
An ( y )  i s  g e n e r a t e d  i n  a s i m i l a r  wa y ;
1 n
( 6 7 )
— -  A . ( y )  ?y n - 1  w
The  r e c u r r e n c e  s t a r t s  w i t h  A ^ ( y )  = c o t ( y )  .................  ( 6 8 ) ,
The  f u n c t i o n s  A ^ ( y )  a r e  c o m p l e x  wh e n  y i s  c o m p l e x ,  a n d  
r e a l  wh e n  y i s  r e a l .
When a p p l i e d  t o  l a r g e  a b s o r b i n g  s p h e r e s ,  t h e
r e c u r r e n c e  f o r m u l a  ( 6 7 )  b e c o m e s  u n r e l i a b l e  o w i n g  t o
r o u n d i n g - o f f  e r r o r s , a n d  may p r o d u c e  p h y s i c a l l y
u n a c c e p t a b l e  r e s u l t s ,  s u c h  a s  C s c a  > C e x t .  D e i r m e n d j i a n
s h o we d  t h a t ,  on  a n  IBM 7 0 4 0 / 4 4  c o m p u t e r ,  t h e  p r o b l e m
c o u l d  b e  a l l e v i a t e d  by  u s i n g  d o u b l e  p r e c i s i o n  a r i t h m e t i c
( 1 6  s i g n i f i c a n t  f i g u r e s ) ,  i n s t e a d  o f  s i n g l e  p r e c i s i o n  (8
s i g .  f i g s . ) ,  wh e n  - I m ( y )  > 3 0 .  The  u s e  o f  i n c r e a s e d
p r e c i s i o n  i n  t h e  a r i t h m e t i c  d o e s  n o t  s o l v e  t h i s  p r o b l e m ;
i t  m e r e l y  c a u s e s  t h e  i n s t a b i l i t y  t o  r e a p p e a r  a t  a l a r g e r
81v a l u e  o f  - I m ( y ) . K a t t a w a r  h a s  s h o wn  t h a t  t h i s  
d i f f i c u l t y  d o e s  n o t  a r i s e  wh e n  A ^ ( y )  i s  c a l c u l a t e d  by  
d o wn wa r d  r e c u r r e n c e ;  i . e .  wh e n  t h e  r e c u r r e n c e  i s  s t a r t e d  
a t  a v a l u e  o f  n w h i c h  i s  much  g r e a t e r  t h a n  t h a t  r e q u i r e d ,  
a n d  e q u a t i o n  ( 6 7 )  i s  u s e d  i n  r e v e r s e  t o  o b t a i n  ^ n _ ^ ( y )  
f r o m  A ^ ( y ) . T h u s ,  a p r o g r a m  d e s i g n e d  t o  c a l c u l a t e  t h e  
s c a t t e r i n g  p a r a m e t e r s  o f  l a r g e  s p h e r e s  s h o u l d  e v a l u a t e  
An ( y )  by  u p w a r d  r e c u r r e n c e  wh e n  m i s  r e a l ,  a n d  by  
d o wn wa r d  r e c u r r e n c e  wh e n  m i s  c o m p l e x .
The  p o i n t  a t  w h i c h  A ^ ( y )  . b e c o m e s  u n s t a b l e  d e p e n d s  
on  t h e  n u m b e r  o f  s i g n i f i c a n t  f i g u r e s  u s e d  i n  t h e  
a r i t h m e t i c ,  a n d  t h u s  i t  w i l l  b e  d i f f e r e n t  on  d i f f e r e n t  
c o m p u t e r s .  F o r  t h i s  r e a s o n ,  s ome e x p l o r a t o r y  c a l c u l a t i o n s  
w e r e  p e r f o r m e d  on  t h e  ICL* 1 9 0 5 F  c o m p u t e r  a t  t h e  
U n i v e r s i t y  o f  S u r r e y .  U s i n g  F o r t r a n  IV p r o g r a m s ,  Q e x t  
a n d  Q s c a  w e r e  c a l c u l a t e d  f o r  v a r i o u s  v a l u e s  o f  x  a n d  m,
w i t h  b o t h  s i n g l e  a n d  d o u b l e  p r e c i s i o n  a r i t h m e t i c  ( 11  
a n d  20 s i g .  f i g s . ,  r e s p e c t i v e l y ) .  F r o m t h e s e  r e s u l t s ,  
i t  wa s  e v i d e n t  t h a t  t h e  c a l c u l a t i o n  o f  ^ n ( y )  by  
u p w a r d  r e c u r r e n c e ,  u s i n g  s i n g l e  p r e c i s i o n  a r i t h m e t i c ,  
w o u l d  b e  s u f f i c i e n t l y  a c c u r a t e  p r o v i d e d  t h a t  
~ I m ( y )  < 3 5 .  I n  t h e  w o r k  w h i c h  i s  d e s c r i b e d  i n  t h i s
t h e s i s ,  t h e  l a r g e s t  v a l u e  o f  - I m ( y )  o c c u r s  wh e n  x = 3 3 0
a n d  n* = 0 . 0 3 ,  i . e .  I m ( y )  = -9.9; d o u b l e  p r e c i s i o n  
a r i t h m e t i c  a n d  d o w n wa r d  r e c u r r e n c e  p r o c e d u r e s  a r e ,  
t h e r e f o r e ,  u n n e c e s s a r y .
. 2 The  a n g u l a r  f u n c t i o n s  tt^ (Q) a n d  Tn (®)
T h e s e  f u n c t i o n s , . w h i c h  a r e  d e f i n e d  i n  t e r m s  o f  
t h e  L e g e n d r e  P o l y n o m i a l s ,  a r e  g e n e r a t e d  b y  u p w a r d  
r e c u r r e n c e  f o r m u l a e .
it (0) = (tt , . ( 2 n - l )  , cos © - n . u  0 ) / ( n - l )  ................. (69)n n-I n-z
2
T (0) “ (tt - tt ').cos0 - (2n-l) .tt , .sin 0 + t 9n n n-z n — i n— Z
    ( 7 0 )
8 2
However, Evans has shown that t can be calculated
n
f r o m
T ( 0 )  = n . u  . c o s ©  -  ( n + 1 )  .tt ,  . ( 7 1 )n n n — 1
w h i c h  i n v o l v e s  l e s s  c o m p u t a t i o n  t h a n  ( 7 0 ) ,  a n d  i s
e q u a l l y  a c c u r a t e .  The  i n i t i a l  v a l u e s  o f  u a n d  t a r en n
d e r i v e d  f r o m  t h e  L e g e n d r e  P o l y n o m i a l s :
TTo ( 0 )  = 0 ,  7T1 ( 0 )  = 1 .    ( 7 2 a )
Tq ( 0)  = 0 ,  T1 ( 0 )  = c o s 0    ( 7 2 b )
The  f o l l o w i n g  p r o p e r t i e s  o f  t h e s e  a n g u l a r  f u n c t i o n s  
a r e  a l s o  i m p o r t a n t :
7Tn (180° - 0) = (-1)”-1 .irn (0)   (73a)
Tn (180° - 0) = (-l)n .Tn (0)   (73b)
Trn (0) = Tn (0) = £ n (n+1)   (74)
COMPUTER PROGRAMS FOR SCATTERING BY A SINGLE PARTICLE
The  e v a l u a t i o n  o f  t h e  s c a t t e r i n g  p a r a m e t e r s  o f  a
s i n g l e  p a r t i c l e  was  d i s c u s s e d  i n  s e c t i o n  7 . 1 ;  s ome  o f
t h e  p r a c t i c a l  a s p e c t s  o f  t h e s e  c a l c u l a t i o n s  w i l l  now
b e  c o n s i d e r e d .
A l l  o f  t h e  c a l c u l a t i o n s  w e r e  p e r f o r m e d  on  t h e
ICL 1 9 0 5 F  c o m p u t e r  a t  t h e  U n i v e r s i t y  o f  S u r r e y .  T h e
p r o g r a m s  w e r e  i n i t i a l l y  w r i t t e n  i n  FORTRAN I V;  s ome  o f
83t h e m  w e r e  l a t e r  w r i t t e n  i n  t h e  ALGOL 68 l a n g u a g e  ,
w h i c h  i s  m o r e  f l e x i b l e  t h a n  F o r t r a n  a n d  p r o d u c e d
s l i g h t l y  f a s t e r  p r o g r a m s .  F o r  t h e  r e a s o n s  m e n t i o n e d
p r e v i o u s l y ,  t h e  p r o g r a m s  a r e  n o t  s u i t a b l e  f o r  c o m p u t i n g
t h e  s c a t t e r i n g  p a r a m e t e r s  o f  l a r g e  a b s o r b i n g  s p h e r e s .
Some o f  t h e  p r o g r a m s  a r e  l i s t e d ,  w i t h  b r i e f  n o t e s ,  i n
A p p e n d i x  A.
. 1  C a l c u l a t i o n  o f  P e x t ( m , x )  a n d  P s c a ( m , x )
P e x t  a n d  P s c a  a r e  e v a l u a t e d  by  c a l c u l a t i n g  a n( m , x )
a n d  b n ( m , x ) , a n d  f o r m i n g  t h e  i n f i n i t e  s e r i e s  i n
84e q u a t i o n s  ( 4 8 )  a n d  ( 4 9 ) .  D e i r m e n d j i a n  s u g g e s t e d
t h a t  t h e  s e r i e s  s h o u l d  b e  t e r m i n a t e d  wh e n
( a  . a  * + b . b  *)  /  n  < 10 ^  ,............................. .......................... ( 7 5 a )n  n n n
o r  wh e n  n > 1 .  2x  + 9 .......................... ( 7 5 b )
T h e s e  c r i t e r i a  a r e  u s e d  i n  t h e  p r o g r a m s  l i s t e d  i n  
A p p e n d i x  A.
The  m a t h e m a t i c a l  o p e r a t i o n s  i n v o l v e d  i n  t h e  
c a l c u l a t i o n  o f  P e x t  a n d  P s c a  a r e  s u m m a r i s e d  i n  t h e  
f l o w c h a r t  o f  f i g .  2 6 .  ' T h e s e  o p e r a t i o n s  a r e  p e r f o r m e d  
b y  t h e  F o r t r a n  s u b r o u t i n e s  MIEF1 a n d  MI EF2 ,  a n d  b y  t h e  
A l g o l  68 p r o c e d u r e s  MIEA1 a n d  MI EA2 , a l l  o f  w h i c h  a r e  
l i s t e d  i n  A p p e n d i x  A,  p a g e s  A1 -  A 6 .
TRUE
FALSE
TRUE
[End
B e g i n
- 1 4
C a l c u l a t e  y ,  A ( y )  , w ( x ) ' ,  w , ( x )
S e t  P e x t  = 0 ,  P s c a  = 0 ,  n = 0
Add ( 2 n + l ) . R e ( a  + b ) t o  P e x t
Add ( 2 n  + l ) ( a  . a  * + b  . b  *)  t o  P s c aT1 t-i «  '
C a l c u l a t e  a ( m , x ) ,  b ( m , x )
C a l c u l a t e  w
C a l c u l a t e  A . . ( y ) . A ( y )  n - 1 w '  ’ n  J
I n c r e a s e  n by  1
n - 2 n _ l ( X) ,  wn ( x )
F i g .  2 6 F l o w c h a r t  f o r  c a l c u l a t i n g  P e x t  a n d  P s c a
The  p r o g r a m s  w e r e ,  t e s t e d  by  c o m p a r i n g  t h e  
v c a l c u l a t e d  r e s u l t s  w i t h  p u b l i s h e d  v a l u e s ; s ome  v a l u e s  
o f  t h e  s c a t t e r i n g  e f f i c i e n c y  f a c t o r  ( Q s c a ) ,  f o r  
m = 1 . 3 3 ,  a r e  s h o wn  i n  t h e  f o l l o w i n g  t a b l e .
X MIEF1 R e f .  85
20 2 . 1 4 0 1 1 2 . 1 4 0
40 1 . 9 8 7 6 4 1 . 9 8 8
60 1 . 9 9 7 9 4 1 . 9 9 8
80 2 . 0 4 7 2 7 2 . 0 4 7
100 2 . 1 0 1 0 9 2 . 1 0 1
200 2 . 0 5 5 5 6 2 . 0 5 6
40 0 2 . 0 3 0 8 5 2 . 0 3 1
7 . 2 . 2  C a l c u l a t i o n  o f  S ^ ( m , x , 0 )  a n d  S ^ ( m , x , 0 )
The  a n g u l a r  d i s t r i b u t i o n  o f  t h e  l i g h t  s c a t t e r e d  by  
a s i n g l e  a e r o s o l  p a r t i c l e  c a n  b e  d e t e r m i n e d  by  
e v a l u a t i n g  t h e  f u n c t i o n s  S ^ ( m , x , 0 )  a n d  S 2 ( m , x , 0 ) f o r  
ma ny  d i f f e r e n t  v a l u e s  o f  0 , w h i l e  m,  x a n d  X a r e  
c o n s t a n t .
The calculation is in two parts. Firstly, all of
t h e  t e r m s  a ( m , x )  a n d  b ( m , x )  a r e  e v a l u a t e d  a n d  s t o r e d  n n ’
i n  a r r a y s ;  t h i s  h a p p e n s  o n c e  f o r  e a c h  p a r t i c l e .  I n  
t h e  s e c o n d  s t a g e  o f  t h e . c a l c u l a t i o n , t h e  a n g u l a r  
f u n c t i o n s  t t ( 0)  a n d a r e  g e n e r a t e d  f r o m  e q u a t i o n s
( 6 9 )  a n d  ( 7 1 )  a n d  a r e  c o m b i n e d  w i t h  a n ( m , x )  a n d  b n ( m, x)  
t o  f o r m  S ^ ( m , x , 0 )  a n d  8 2 ( 111, x , 0 ) ;  t h i s  h a p p e n s  f o r  e a c h  
v a l u e  o f  0 .
The  F o r t r a n  p r o g r a m  ITHETASF p e r f o r m s  t h e s e  
c a l c u l a t i o n s ;  i t  i s  l i s t e d  on  p a g e s  A7 -  A15 o f  
A p p e n d i x  A.
COMPUTER PROGRAMS FOR SCATTERING BY MANY PARTICLES 
The  s c a t t e r i n g  p a r a m e t e r s  o f  a v o l u m e  o f  t h e  
a t m o s p h e r i c  a e r o s o l  w e r e  m e n t i o n e d  b r i e f l y  i n  s e c t i o n  
6 . 5 ;  t h e  f o l l o w i n g  d i s c u s s i o n  i s  c o n c e r n e d  w i t h  t h e  
e v a l u a t i o n  o f  t h e s e  p a r a m e t e r s  by  c o m p u t e r .
B e f o r e  p r o c e e d i n g ,  i t  i s  i m p o r t a n t  t o  r e c a l l  t h e  
u n i t s  i n . w h i c h  t h e  v a r i o u s  r e l e v a n t  q u a n t i t i e s  a r e  
e x p r e s s e d  .
( a )  The  w a v e l e n g t h  (X) o f  t h e  i n c i d e n t  l i g h t  i s
a l w a y s  e x p r e s s e d  i n  nm;  t h u s  t h e  u n i t s  o f  C e x t
2a n d  C s c a  w i l l  b e  nm .
( b )  Th e  r a d i u s  ( r )  o f  a n  a e r o s o l  p a r t i c l e  i s  a l w a y s  
m e a s u r e d  i n  ym.
• ( c )  The  s i z e  p a r a m e t e r  i s  d e f i n e d  a s  x = 27 r r / A,  
w h e r e  r  a n d  X m u s t  b e  e x p r e s s e d  i n  t h e  s a me  
u n i t s ;  t o  b e  c o n s i s t e n t  w i t h  ( a )  a n d  ( b ) , t h e  
s i z e  p a r a m e t e r  m u s t  b e  r e d e f i n e d  a s  
x = 2 0 0 0 i r r / X  = 1 0 0 0  k r .
( d )  The  s i z e  d i s t r i b u t i o n  f u n c t i o n  o f  a n  a e r o s o l
i s  r e p r e s e n t e d  by  n ( r ) , w h i c h  i s  d e f i n e d  so  
3t h a t  1 cm o f  t h e  a e r o s o l  c o n t a i n s  n ( r ) . d r  
p a r t i c l e s  w i t h  r a d i i  b e t w e e n  r  a n d  r + d r .  The  
r a d i i  o f  t h e  s m a l l e s t  a n d  l a r g e s t  p a r t i c l e s  
a r e  r e p r e s e n t e d  by  r ^  a n d  r e s p e c t i v e l y .
( e )  | s ^ ( m , x , 0 ) |  a n d  |S 2 ' (m, x , 0 ) |  h a v e  u n i t s  o f  s r  .
* 1 The  t o t a l  E x t i n c t i o n  a n d  S c a t t e r i n g  c r o s s  s e c t i o n s
At  w a v e l e n g t h  A, t h e  c o n t r i b u t i o n  t o  t h e  t o t a l
e x t i n c t i o n  c r o s s  s e c t i o n  ( E x t )  f r o m  p a r t i c l e s  w h o s e
r a d i i  l i e  b e t w e e n  r  a n d  r + d r  i s
2d E x t  = C e x t . n ( r )  . d r  = (A /  2 tt ) . P e x t . n ( r ) . d r  ...........  ( 7 7 )
P e x t  i s  d i m e n s i o n l e s s , s o  t h e  u n i t s  o f  d E x t  a r e
2 - 3  - l  2 - 3nm . cm ,- w h i c h  c a n  b e  c o n v e r t e d  t o  m ( i . e .  m .m )
. - 1 2by  m u l t i p l y i n g  by  10 . The  t o t a l  e x t i n c t i o n  c r o s s
s e c t i o n  i s ,  t h e r e f o r e
E x t  = 10 ^ 2 . A2 J ^P e x t ( m , x )  . n ( r )  . d r   .................  ( 7 8 )
2ir J  r x
I t  i s  m o r e  c o n v e n i e n t  t o  u s e  x ,  r a t h e r  t h a n ,  r ,  a s  t h e  
i n d e p e n d e n t  v a r i a b l e ;  t h u s
pX
- 1 2  2 1 2
E x t  = 1 0  .A I P e x t ( m , x ) . n ( x / 1 0 0 0 k ) . d x
2 tt J  x ;L 1 0 0 0 k
= l o ""15 ._A_^  
4 tt2
x 2
P e x t ( m , x ) . n ( x / l O O O k ) . dx  . . . .  ( 7 9 )
x.1
Th e  c o r r e s p o n d i n g  e x p r e s s i o n  f o r  t h e  t o t a l  s c a t t e r i n g  
c r o s s  s e c t i o n  ( S e a )  c a n  b e  o b t a i n e d  by  s u b s t i t u t i n g  
P s c a  f o r  P e x t  i n  e q u a t i o n  ( 7 9 ) .
2 3The  v a l u e s  o f  E x t  a n d  S e a ,  m  m p e r  m o f  
a e r o s o l ,  a r e  c a l c u l a t e d  by  t h e  F o r t r a n  p r o g r a m  EXTSCAF,  
w h i c h  i s  l i s t e d  on  p a g e s  A16 -  A22 o f  A p p e n d i x  A.
P e x t ,  P s c a  a n d  n ( x / 1 0 0 0 k )  a r e  e v a l u a t e d  a t  a l a r g e  
n u m b e r  o f  e q u a l l y  s p a c e d  v a l u e s  o f  x i n  t h e  r a n g e  
( x 1 , x 2 ) J  a n u m e r i c a l  i n t e g r a t i o n  i s  t h e n  p e r f o r m e d  
u s i n g  S i m p s o n ' s  R u l e .  I f  r e q u i r e d ,  t h e  r a n g e  ( x ^ , x 2 ) 
c a n  be  s u b d i v i d e d  i n t o  t wo o r  t h r e e  p a r t s  w h i c h  a r e
i n t e g r a t e d  s e p a r a t e l y ;  t h u s ,  c l o s e l y  s p a c e d  v a l u e s  o f  
x c a n  b e  u s e d  w h e n  d E x t  ( s a y )  i s  v a r y i n g  r a p i d l y ,  a n d  
m o r e  w i d e l y  s p a c e d  v a l u e s  o f  x c a n  be  u s e d  w h e n  d E x t  
i s  v a r y i n g  s l o w l y .
Some v a l u e s  c a l c u l a t e d  b y  p r o g r a m  EXTSCAF a r e
. . 3 9c o m p a r e d  w i t h  f i g u r e s  p u b l i s h e d  b y  D e i r m e n d j i a n  , m
T a b l e  2 ;  t h e  c l o s e  s i m i l a r i t y  b e t w e e n  t h e s e  r e s u l t s  
i n d i c a t e s  t h a t  t h e  p r o g r a m  i s  s a t i s f a c t o r y .
7 . 3 . 2  The  e l e m e n t s  o f  t h e  S c a t t e r i n g  m a t r i x
T h e  S c a t t e r i n g  m a t r i x  f o r  a v o l u m e  o f  t h e  a e r o s o l  
may b e  w r i t t e n  a s :
i ^ Q )
0
0
0
0
i 2 ( 0 )
0
0
M 0 >
V 0)
- i 4 ( 0 )
i 3 ( 0 )
  ( 8 0 )
E a c h  o f  t h e s e  q u a n t i t i e s  i ^ ( 0 )  i s  t h e  w e i g h t e d  sum o f  
t h e  c o r r e s p o n d i n g  e l e m e n t  f o r  a s i n g l e  p a r t i c l e .  Th u s ,
i x ( 0 )  = ( 1 / k ^ ) | S^  ^ ( m , x , 0)  | 2 . n ( r )  . d r
i o ~ 1 5 . a3
8 tt'
x,
x.
J S ^ ( 0 ) | 2 . n ( x / 1 0 0 0 k ) . d x  . . .  ( 8 1 )
2 - 1  3m  u n i t s  o f  m , s r  p e r  m o f  a e r o s o l .  T h e r e  a r e
s i m i l a r  e x p r e s s i o n s  f o r  t h e  o t h e r  e l e m e n t s .
x rt
- 1 5  5i 2 ( 0 )  = 10 . AJ
8 TT'
| S 2 ( 0 )  | . n ( x / 1 0 0 0 k )  . d x  . . .  ( 8 2 )
x.
- 1 5  3i 3 ( 0 )  = 10 . AJ
8 tt '
x 2 .
R e ( S 1 . S 2 * ) . n ( x / 1 0 0 0 k ) . dx  ( 8 3 a )
x.
T a b l e  2
D e i r m e n d j i a n *  a n d  EXTSCAF C a l c u l a t i o n s
S o u r c e E x t S c a / E x t
T a b l e  T16* 0 . 0 4 7 9 7 1 . 0
EXTSCAF 0 . 0 4 7 9 7 1 . 0
T a b l e  T17* 0 . 0 3 9 5 3 1 . 0
EXTSCAF 0 . 0 3 9 5 2 1 . 0
T a b l e  T20* 0 . 0 1 5 7 1 0 . 2 3 5 9
EXTSCAF 0 . 0 1 5 7 0 0 . 2 3 5 8
T a b l e  T2 7* 0 . 0 2 0 1 4 1 . 0
EXTSCAF 0 . 0 2 0 1 5 1 . 0
T a b l e  T28* 0 . 0 0 9 8 8 8 1 . 0
EXTSCAF 0 . 0 0 9 8 9 0 1 . 0
T a b l e  T3.1* 0 . 0 0 3 8 9 7 0 . 0 8 1 4 2
EXTSCAF 0 . 0 0 3 8 9 7 0 . 0 8 1 4 2
T a b l e  T33* 0 . 0 0 0 1 1 4 2 0 . 1 6 7 7
EXTSCAF 0 . 0 0 0 1 1 4 2 0 . 1 6 7 7
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i 4 ( 0 )  = 1 0 “ 1 5 ._X^_ I m ( S 1 . S 2 * ) . n ( x / 1 0 0 0 k ) . d x  . .  ( 8 3 b )
S * 3 J * x
T h e s e  c a l c u l a t i o n s  a r e  p e r f o r m e d  by  t h e  A l g o l  68 
p r o g r a m  MATRIXLA ( A p p e n d i x  A,  p a g e s  A23 -  A 2 9 ) . V e r y  
g ood  a g r e e m e n t  was  f o u n d  b e t w e e n  p u b l i s h e d  f i g u r e s  a n d  
v a l u e s  c a l c u l a t e d  b y  t h i s  p r o g r a m  ( s e e  T a b l e  3 ) .
T a b l e  3
D e i r m e n d j i a n  a n d  MATRIXLA C a l c u l a t i o n s
0 S o u r c e i ^ ( 0 ) / S e a i 2 ( Q ) / S e a
O' T a b l e  T27* 1 . 6 6 6 1 . 6 6 6
MATRIXLA 1 . 6 6 6 1 . 6 6 6
60 T a b l e  T2 7* 0 . 0 3 8 5 2 0 . 0 3 3 9 8
MATRIXLA 0 . 0 3 8 5 3 0 . 0 3 3 9 8
120 T a b l e  T27* 0 . 0 0 7 1 2 9 0 . 0 0 4 1 9 3
MATRIXLA 0 . 0 0 7 1 2 7 0 . 0 0 4 1 9 3
180 T a b l e  T27* 0 . 0 0 9 3 6 7 0 . 0 0 9 3 6 7
MATRIXLA 0 . 0 0 9 3 6 9 0 . 0 0 9 3 6 9
0 T a b l e  T28* 0 . 9 5 4 4 0 . 9 5 4 4
MATRIXLA 0 . 9 5 4 4 0 . 9 5 4 4
60 T a b l e  T28* 0 . 0 7 0 9 2 0 . 0 4 4 5 2
MATRIXLA 0 . 0 7 0 9 3 0 . 0 4 4 5 3
120 T a b l e  T28* 0 . 0 1 0 2 1 0 . 0 0 4 0 1 7
MATRIXLA 0 . 0 1 0 2 0 0 . 0 0 4 0 1 9
180 T a b l e  T28* 0 . 0 1 0 9 5 0 . 0 1 0 9 5
MATRIXLA 0 . 0 1 0 9 6 0 . 0 1 0 9 6
* r e f .  39
8 . A MODEL ATMOSPHERE FOR THEORETICAL STUDIES
The  o p t i c a l  p r o p e r t i e s  o f  t h e  a t m o s p h e r e  a r e  
e x t r e m e l y  v a r i a b l e ;  t h e  v a r i a t i o n s  a r e  due  m a i n l y  t o  
c h a n g e s  i n  t h e  s i z e  a n d  c o n c e n t r a t i o n  o f  c l o u d ,  f o g  a n d  
m i s t  d r o p l e t s ,  a n d  a e r o s o l  p a r t i c l e s .  T h e r e  a r e  many 
v a r i a b l e  a t m o s p h e r i c  f a c t o r s  w h i c h  may a f f e c t  t h e  
s p e c t r u m  o f  d a y l i g h t ,  b u t  a n y  a t t e m p t  t o  i n c l u d e  a l l  o f  
t h e s e  f a c t o r s  i n  a t h e o r e t i c a l  s t u d y  w o u l d  i n v o l v e  v e r y  
c o m p l e x  c a l c u l a t i o n s ;  t h e  f u n d a m e n t a l  r e s u l t s  o f  s u c h  
c a l c u l a t i o n s  w o u l d  t h e n  be  l o s t  a m i d s t  t h e  p l e t h o r a  o f
« c
d e t a i l s .  C o n s e q u e n t l y ,  i t  i s  n e c e s s a r y  t o  c o n s t r u c t  a 
s i m p l e  m o d e l  w h i c h  i n c o r p o r a t e s  o n l y  t h e  r e l e v a n t  
f e a t u r e s  o f  t h e  a t m o s p h e r e .  Su c h  a m o d e l  was  c o m p i l e d  
f o r  u s e  i n  t h e  c a l c u l a t i o n s  o f  s e c t i o n  9 ,  a n d  i t  i s  
d e f i n e d  b e l o w .
8.  1 GENERAL FEATURES
The m o d e l  a t m o s p h e r e  i s  c l o u d l e s s  a n d  d r y ,  a n d  i t  
c o n t a i n s  o n l y  a i r  m o l e c u l e s ,  a e r o s o l  p a r t i c l e s  sind 
o z o n e .  I t  e x t e n d s  t o  an  a l t i t u d e  o f  100 km,  a n d  i s  
d i v i d e d  i n t o  p l a n e  p a r a l l e l  . l a y e r s  e a c h  o f  w h i c h  i s  
h o m o g e n e o u s  a n d  i s  c h a r a c t e r i s e d  by  t h e  o p t i c a l  
p r o p e r t i e s  a t  i t s  m i d - p o i n t ;  t h e  a l t i t u d e  o f  t h e  m i d ­
p o i n t  ( h )  a n d  t h e  t h i c k n e s s  ( d h )  o f  e a c h  l a y e r  a r e  
s hown  i n  T a b l e  4 .  The  m o d e l  d e f i n e d  h e r e  ( s e c t i o n s  8 . 1  
-  8 . 5 )  w i l l  b e  r e f e r r e d  t o  a s  t h e  " s t a n d a r d "  m o d e l ;  t h e  
v a r i a t i o n s  i n  t h e  a e r o s o l  c o n t e n t  a n d  t h e  a m o u n t  o f  
o z o n e  w h i c h  a r e  i n t r o d u c e d  i n  s e c t i o n  9 a r e  r e g a r d e d  a s  
d e v i a t i o n s  f r o m  t h i s  s t a n d a r d .
T a b l e  4
The  V e r t i c a l  D i s t r i b u t i o n  o f  A i r  M o l e c u l e s
h (km) d h  (km) N( h )  (m 3 )
0 . 5 1 . 0 2 . 4 7 2 1 + 2 5
1 . 5 1 . 0 2 . 2 0 0 1 + 25
2 . 5 1 . 0 1 . 9 8 9 8 + 25
3 . 5 1 . 0 1 . 7 9 5 3 + 25
4 . 5 1 . 0 1 . 6 1 5 7 + 25
5 . 5 1 . 0 . 1 . 4 5 0 2 + 25
6 . 5 1 . 0 1 . 2 9 8 1 + 25
7 . 5 1 . 0 1 . 1 5 8 6 + 25
8 . 5 1 . 0 1 . 0 3 0 8 + 25
9 . 5 1 . 0 9 . 1 4 1 9 + 24
1 1 . 0 2 . 0 7 . 5 8 5 3 + 24
1 3 . 0 2 . 0 5 . 5 4 3 3 + 24
1 5 . 0 2 . 0 4 . 0 4 9 5 + 24
1 7 . 0 2 . 0 2 . 9 5 8 9 + 24
1 9 . 0 2 . 0 2 . 1 6 2 4 + 24
2 1 . 0 2 . 0 1 . 5 7 4 3 + 24
23 . 0 2 . 0 1 . 1 4 3 7 + 24
2 5 . 0 2 . 0 8 . 3 3 4 6 + 23
2 7 . 0 2 . 0 6 . 0 9 2 0 + 23
29 . 0 2 . 0 4 . 4 6 6 0 + 23
3 2 . 0 4 . 0 2 . 8 1 8 5 + 23
3 6 . 0 4 . 0 1 . 5 0 9 1 + 23
4 0 . 0 4 . 0 8 . 3 0 8  2 + 22
4 4 . 0 4 . 0 4 . 6 9 6 8 + 22
4 8 . 0 4 . 0 2 . 7 3 7 8 + 22
5 5 . 0 1 0 . 0 1 . 1 6 6 0 + 22
6 5 . 0 1 0 . 0 3 . 4 6 5 1 + 21
7 5 . 0 1 0 . 0 9 . 0 1 3 + 20
8 5 . 0 1 0 . 0 1 .  654 + 20
9 5 . 0 1 0 . 0 2 . 5 2 0 + 19
THE OZONE LAYER
The a t m o s p h e r i c  o z o n e  i s  s i t u a t e d  a b o v e  t h e  
d e n s e s t  p a r t s  o f  t h e  a t m o s p h e r e ;  t h u s ,  f o r  t h e  
p u r p o s e s  o f  t h i s  m o d e l ,  i t  c a n  b e  a s s u m e d  t h a t  
s u n l i g h t  p a s s e s  t h r o u g h  t h e  o z o n e  l a y e r  b e f o r e  b e i n g  
s c a t t e r e d  by  a i r  m o l e c u l e s  a n d  a e r o s o l  p a r t i c l e s .  The  
o z o n e  c a n  be  r e p r e s e n t e d  a s  a s e p a r a t e  l a y e r  l y i n g
a b o v e  100 km a l t i t u d e ;  i n  t h e  s t a n d a r d  m o d e l ,  t h i s
l a y e r  c o n t a i n s  0 . 3 4 7  cm o f  o z o n e ,  w h i c h  i s  t h e  mean  
m i d - l a t i t u d e  v a l u e  c o n t a i n e d  i n  t h e  US S t a n d a r d  
A t m o s p h e r e ^ .  . <■
AIR MOLECULES (VERTICAL DI STRI BUTI ON)
The c o n c e n t r a t i o n  o f  a i r  m o l e c u l e s  a t  t h e  m i d ­
p o i n t  o f  e a c h  l a y e r  was  o b t a i n e d  f r o m  t h e  US S t a n d a r d  
6A t m o s p h e r e  ; t h e  v a l u e s ,  N ( h )  a r e  shown i n  T a b l e  4 ,
w h e r e  t h e  n o t a t i o n  2 . 4 7 2 1  + 2 5  i n d i c a t e s  2 . 4 7 2 1  x 1 0 2 5 .
I t  i s  mo r e  u s e f u l  t o  e x p r e s s  t h e  c o n c e n t r a t i o n  o f
a i r  m o l e c u l e s  i n  t e r m s  o f  t h e i r  o p t i c a l  e f f e c t ,  a n d  s o
t h e  m o l e c u l a r  a t t e n u a t i o n  c o e f f i c i e n t s  a t  5 5 0  nm
w a v e l e n g t h ,  b R ( 5 5 0 , h ) ,  h a v e  b e e n  c a l c u l a t e d  a n d  a r e
s h o wn  i n  T a b l e  5 .  The  a t t e n u a t i o n  c o e f f i c i e n t  i s  e q u a l
3t o  t h e  t o t a l  s c a t t e r i n g  c r o s s  s e c t i o n  o f  1 m o f  a i r ;  
i t  i s  d e f i n e d  by
b R ( X , h )  = N ( h ) . CR (A) ’   ( 8 4 )
w h e r e  N ( h )  i s  t h e  c o n c e n t r a t i o n  o f  a i r  m o l e c u l e s  a t
a l t i t u d e  h ,  a n d  CR (X) i s  t h e  s c a t t e r i n g  c r o s s  s e c t i o n
o f  o n e  m o l e c u l e  a t  w a v e l e n g t h  X.  The m o l e c u l e s  a r e
a s s u m e d  t o  b e  i d e n t i c a l , '  a n d  s o  b r>( 5 5 0 , h )  i sK
p r o p o r t i o n a l  t o  N ( h ) .
T a b l e  5
M o l e c u l a r  a n d  A e r o s o l  A t t e n u a t i o n  C o e f f i c i e n t s
h (km) b R( 5 5 0 , h ) (m 1 ) b A ( 5 5 0 , h)  (m“ 1 )
0 . 5 1 . 1 0 7 5 - 0 5 1 . 1 4 - 0 4
1 . 5 1 . 0 0 3 9 - 0 5 4 . 9 8 - 0 5
2 . 5 9 . 0 7 9 6 - 0 6 2 . 1 3 - 0 5
3 . 5 8 . 1 9 2 0 - 0 6 9 . 6 3 - 0 6
4 . 5 7 . 3 7 2 5 - 0 6 . 5 . 8 4 - 0 6
5 . 5 6 . 6 1 7 3 - 0 6 4 . 2 8 - 0 6
6 . 5 5 . 9 2 3 3 - 0 6 3 . 4 2 - 0 6
7 . 5 5 . 2 8 6 8 - 0 6 3 . 3 4 - 0 6
8 . 5 ’ 4 . 7 0 3 6 - 0 6 3 . 3 2 - 0 6
9 . 5 4 . 1 7 1 5 - 0 6 3 . 2 1 - 0 6
1 1 . 0 3 . 4 6 1 2 - 0 6 2 . 9 7 - 0 6
1 3 . 0 2 . 5 2 9 4 - 0 6  • 2 . 8 8 - 0 6
1 5 . 0 1 . 8 4 7 8 - 0 6 2 . 6 5 - 0 6
17 . 0 1 . 3 5 0 2 - 0 6 2 . 4 9 - 0 6
1 9 . 0 9 . 8 6 7 1 - 0 7 2 . 0 3 - 0  6
2 1 . 0 7 . 1 8 3 6 - 0 7 1 . 0 8 - 0 6
23 . 0 5 . 2 1 8 8 - 0 7 6 . 2 2 - 0 7
2 5 . 0 3 . 8 0 3 1 - 0 7 4 . 1 5 - 0 7
2 7 . 0 2 . 7 7 9 8 - 0 7 2 . 7 7 - 0 7
2 9 . 0 2 . 0 3 7 9 - 0 7 1 . 6 3 - 0 7
3 2 . 0 1 . 2 8 6 1 - 0 7 7 . 3 1 - 0 8
3 6 . 0 6 . 8 8 6 1 - 0 8 2 . 5 2 - 0 8
4 0 . 0 3 . 7 9 1 1 - 0 8 8 . 66 - 0 9
4 4 . 0 2 . 1 4 3 2 - 0 8 2 . 9 8 - 0 9
48 . 0 1 . 2 4 9 3 - 0 8 1 . 0 3 - 0 9
5 5 . 0 5 . 3 2 0 5 - 0 9
6 5 . 0 1 . 5 8 1 1 - 0 9
7 5 . 0 4 . 1 1 2 7 - 1 0
8 5 . 0 7 . 5 4 7 3 - 11*
9 5 . 0 1 . 1 4 9 9 - 1 1
8 . 4  AEROSOL PARTICLES (VERTICAL DI STRI BUTI ON)
The  v e r t i c a l  d i s t r i b u t i o n  o f  a e r o s o l  p a r t i c l e s  i s
r e p r e s e n t e d  by  t h e  a e r o s o l  a t t e n u a t i o n  c o e f f i c i e n t  a t
t h e  m i d - p o i n t  o f  e a c h  l a y e r ;  t h e  v a l u e s  o f  b A( 5 5 0 , h )
a r e  l i s t e d  i n  T a b l e  5 .  The  a t t e n u a t i o n  c o e f f i c i e n t s
86w e r e  d e r i v e d  f r o m  t h e  m o d e l  c o n s t r u c t e d  by  E l t e r m a n  , 
w h i c h  was  b a s e d  on t h e  a v e r a g e  o f  79 p r o f i l e s  m e a s u r e d  
a t  5 5 0  nm w a v e l e n g t h ;  b e c a u s e  t h e s e  a r e  m e a s u r e d  v a l u e s  
t h e y  do n o t  d e p e n d  u p o n  a s s u m p t i o n s  a b o u t  t h e  
r e f r a c t i v e  i n d e x  a n d  s i z e  d i s t r i b u t i o n  o f  t h e  a e r o s o l  
p a r t i c l e s .
The  m o l e c u l a r  a n d  a e r o s o l  a t t e n u a t i o n  c o e f f i c i e n t s  
a r e  c o m p a r e d  i n  f i g .  2 7 ,  w h i c h  was  o b t a i n e d  by  p l o t t i n g  
t h e  v a l u e s  i n  T a b l e  5 a n d  t h e n  j o i n i n g  a d j a c e n t  p o i n t s  
w i t h  s t r a i g h t  l i n e s ;  h o w e v e r ,  t h e s e  c u r v e s  a r e  n o t  an  
e x a c t  r e p r e s e n t a t i o n  o f  t h e  m o d e l  a t m o s p h e r e  b e c a u s e  
t h e y  do n o t  s how t h e  l a y e r e d  s t r u c t u r e .
I t  i s  e v i d e n t  t h a t ,  a b o v e  t h e  s t r a t o s p h e r i c  
a e r o s o l  l a y e r ,  t h e  a e r o s o l  a t t e n u a t i o n  c o e f f i c i e n t  
d e c r e a s e s  mo r e  r a p i d l y  t h a n  t h e  m o l e c u l a r  a t t e n u a t i o n  
c o e f f i c i e n t ;  b ^  i s  a l r e a d y  an  o r d e r  o f  m a g n i t u d e  
s m a l l e r  t h a n  b „  a t  48 1cm a l t i t u d e ,  a n d  t h e r e f o r e  i t  may 
s a f e l y  b e  a s s u m e d  t h a t , a b o v e  50  1cm, t h e  e f f e c t s  o f  
a e r o s o l  p a r t i c l e s  a r e  n e g l i g i b l e .
8 . 5  AEROSOL PARTICLES ( SI ZE DI STRI BUTI ON)
To c o m p l e t e  t h e  m o d e l  a t m o s p h e r e ,  i t  i s  n e c e s s a r y  
t o  s e l e c t  a s i z e  d i s t r i b u t i o n  f u n c t i o n  a n d  r e f r a c t i v e  
i n d e x  f o r  t h e  a e r o s o l  p a r t i c l e s .  T h i s  t a s k  i s  
s i m p l i f i e d  by  a s s u m i n g  t h a t  t h e  r e f r a c t i v e  i n d e x  a n d
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( a p a r t  f r o m  a n o r m a l i s a t i o n  c o n s t a n t )  t h e  s i z e
d i s t r i b u t i o n  o f  t h e  a e r o s o l  p a r t i c l e s  a r e  t h e  s ame i n
e a c h  l a y e r  o f  t h e  a t m o s p h e r e .  The n o r m a l i s a t i o n
c o n s t a n t  d e p e n d s  on t h e  c o n c e n t r a t i o n  o f  a e r o s o l
p a r t i c l e s ,  a n d  i s  a f u n c t i o n  o f  t h e  a l t i t u d e  ( h )  o n l y .
I f  N (h ) a n d  N (h  ) a r e  t h e  c o n c e n t r a t i o n s  o f  o p o q
p a r t i c l e s  i n  l a y e r s  p a n d  q ,  t h e n
bA(X’hp> = W    <85>
bA<X’hq> w
t h i s  w o u l d  n o t  b e  t r u e  i f  t h e  f o r m  o f  t h e  s i z e  
d i s t r i b u t i o n  f u n c t i o n  wa s  a f u n c t i o n  o f  t h e  a l t i t u d e .
The  f o l l o w i n g  d i s c u s s i o n  i s  c o n c e r n e d  s o l e l y  w i t h  
t h e  s i z e  d i s t r i b u t i o n  f u n c t i o n ;  i t  a p p l i e s  e q u a l l y  t o  
a l l  o f  t h e  l a y e r s ,  a n d  s o  t h e  a r g u m e n t  h w i l l  b e  
o m i t t e d  f r o m  t h e  e q u a t i o n s .
I n  s e c t i o n  6 . 5 . 2  i t  was  s hown  t h a t
bA<X> “
r 2
r l
C e x t  (m,  x)  . n ( r ) . d r     ( 5 5 )
W i t h  t h i s  e q u a t i o n ,  b ^ ( A )  c a n  b e  e v a l u a t e d  a t  a n u m b e r  
o f  w a v e l e n g t h s  u s i n g  v a r i o u s  s i z e  d i s t r i b u t i o n  
f u n c t i o n s  a n d  r e f r a c t i v e  i n d e x e s ; by  c o m p a r i n g  t h e  
c a l c u l a t e d  v a l u e s  w i t h  m e a s u r e d  a e r o s o l  a t t e n u a t i o n  
c o e f f i c i e n t s ,  i t  i s  p o s s i b l e  t o  s e l e c t  t h e  c o m b i n a t i o n  
o f  m a n d  n ( r )  w h i c h  p r o v i d e s  t h e  b e s t  r e p r e s e n t a t i o n  o f  
t h e  o p t i c a l  p r o p e r t i e s  o f  t h e  r e a l  a t m o s p h e r i c  a e r o s o l .
T h r e e  s i z e  d i s t r i b u t i o n s  a n d  f o u r  r e f r a c t i v e  
i n d e x e s  w e r e  c o n s i d e r e d  f o r  t h e  m o d e l  a t m o s p h e r e .  The  
s i z e  d i s t r i b u t i o n s  a r e  t h e  Ha z e  L,  W a r d , a n d  J u n g e  
C o n t i n e n t a l  m o d e l s ,  w h i c h  a r e  s hown  i n  f i g .  7
( s e c t i o n  4 . 2 . 2 ) .  The  r e f r a c t i v e  i n d e x e s  w e r e  d e r i v e d  
f r o m  t h e  m e a s u r e d  v a l u e s  d i s c u s s e d  i n  s e c t i o n  4 . 5 ,  a n d ,  
f o r  c o n v e n i e n c e ,  e a c h  r e f r a c t i v e  i n d e x  was  g i v e n  a 
name  :
N ame R e f r a c t i v e  I n d e x  (m)
WET 1 . 3 3 *
CLEAN 1.  50
RURAL • • U
i 0 1 0 . 0 0 5  i
URBAN 1 . 5 0  - ( 0 . 0 1 8  + 0 . 0 0 0 0 4 A ) i
F o r  e a c h  c o m b i n a t i o n  o f  m a n d  n ( r )  t h e  a e r o s o l
a t t e n u a t i o n  c o e f f i c i e n t s  w e r e  c a l c u l a t e d  a t  20 nm o r
25 nm i n t e r v a l s  t h r o u g h o u t  - t he  w a v e l e n g t h  r a n g e  300 -
8 0 0  nm.  The  c o m p u t a t i o n s  w e r e  p e r f o r m e d  u s i n g  p r o g r a m
EXTSCAF ( s e c t i o n  7 . 3 . 1 ) ,  a n d  t h e  i n c r e m e n t s  a n d  l i m i t s
o f  i n t e g r a t i o n  w e r e  c h o s e n  t o  e n s u r e  a n  a c c u r a c y  o f  a t
l e a s t  0 . 1% i n  t h e  c a l c u l a t e d  v a l u e s  o f  b ^ ( A ) .
By c o m p a r i n g  t h e  c a l c u l a t e d  a t t e n u a t i o n
c o e f f i c i e n t s  w i t h  m e a s u r e d  v a l u e s  o f  b ^ ( A ) , i t  i s
p o s s i b l e  t o  s e l e c t  t h e  c o m b i n a t i o n  o f  m a n d  n ( r )  w h i c h
p r o v i d e s  t h e  b e s t  a g r e e m e n t  b e t w e e n  t h e  m e a s u r e m e n t s
a n d  c a l c u l a t i o n s .  Some o f  t h e s e  r e s u l t s  a r e  s h o wn  i n
f i g s .  28  -  3 0 ;  t h e  m e a s u r e d  v a l u e s  ( c u r v e  BKE) w e r e
86c o m p i l e d  by  E l t e r m a n  f r o m  t h e  m e a s u r e m e n t s  r e p o r t e d  
by  B a u m ^  a n d  K n e s t r i c k ^ .
8 . 5 . 1  Ha z e  L S i z e  D i s t r i b u t i o n
The BKE a n d  Ha z e  L WET a n d  CLEAN a t t e n u a t i o n  
c o e f f i c i e n t s  a r e  s hown i n  f i g .  2 8 ;  t h e  RURAL a n d  URBAN
CL
EA
N
( o s s ) v q / ( Y ) v q
c u r v e s  h a v e  b e e n  o m i t t e d  b e c a u s e  t h e y  a r e  
s i m i l a r  t o  t h e  CLEAN c u r v e .
The  m a r k e d  d i f f e r e n c e s  b e t w e e n  t h e  s h a p e s  o f  
t h e s e  c u r v e s  i n d i c a t e  t h a t  Ha z e  L i s  n o t  s u i t a b l e  a s  a 
s i z e  d i s t r i b u t i o n  f o r  t h e  a t m o s p h e r i c  a e r o s o l .
8 . 5 . 2  War d  S i z e  D i s t r i b u t i o n
The a e r o s o l  a t t e n u a t i o n  c o e f f i c i e n t s  f o r  t h e  War d  
CLEAN r e f r a c t i v e  i n d e x  a r e  c o m p a r e d  w i t h  BKE i n  f i g .  2 9 ;  
a l l  o f  t h e  War d  c u r v e s  a r e  s i m i l a r ,  b u t  t h e  CLEAN 
c u r v e  i s  t h e  c l o s e s t  t o  BKE.  E v e n  s o ,  t h e r e  a r e  
s i g n i f i c a n t  d i f f e r e n c e s  b e t w e e n  t h e  s h a p e s  o f  t h e  
CLEAN a n d  BKE c u r v e s ,  a n d  s o  t h e  War d  s i z e  d i s t r i b u t i o n  
i s  a l s o  u n s a t i s f a c t o r y .
I t  i s  o f t e n  s a i d  t h a t  t h e  i n t e n s i t y  o f  l i g h t
s c a t t e r e d  b y  t h e  a t m o s p h e r i c  a e r o s o l  i s  i n v e r s e l y
-  ]
p r o p o r t i o n a l  t o  t h e  w a v e l e n g t h .  A X '  c u r v e  i s  a l s o  
s hown  i n  f i g .  2 9 ;  i t  i s  a b e t t e r  a p p r o x i m a t i o n  t o  t h e  
m e a s u r e d  a t t e n u a t i o n  c o e f f i c i e n t s  t h a n  t h e  War d  c u r v e  
i s  .
8 . 5 . 3  J u n g e  C o n t i n e n t a l  S i z e  D i s t r i b u t i o n
- 4The  J u n g e  P o w e r  Law s i z e  d i s t r i b u t i o n  n ( r )  = Ar  
( s e c t i o n  4 . 2 . 2 )  i s  f r e q u e n t l y  u s e d  t o  r e p r e s e n t  t h e  
c o n t i n e n t a l  a e r o s o l ;  h o w e v e r ,  t h i s  f u n c t i o n  i s  o n l y  
a p p l i c a b l e  t o  p a r t i c l e s  w i t h  r  > 0 . 1  ym.  I t  wa s  
n e c e s s a r y  t o  f i n d  a f u n c t i o n  w h i c h  w o u l d  a l s o  i n c l u d e  
t h e  s m a l l e r  p a r t i c l e s ;  a s u i t a b l e  f u n c t i o n  was  
o b t a i n e d  b y  t a k i n g  t h e  ‘p r o d u c t  o f  t wo s i z e  
d i s t r i b u t i o n s  o f  t h e  t y p e  u s e d  by  Wa r d .  The  r e s u l t  
wa s  :
n ( r )  = ( A / r ) / ( ( r / a )  ^ + ( r / a ) ^  + b ^ + b ^ )    ( 8 6 )
( o s g ) v q / ( x ) v q
w h e r e  b = 2 . 6 4 5 8  a n d  a = 0 . 0 2 6 4 5 8 .
T h i s  f u n c t i o n  r e p r e s e n t s  t h e  J u n g e  d i s t r i b u t i o n  w e l l  
f o r  0 . 0 0 5  < r  < 16 ym.
The  BKE a t t e n u a t i o n  c o e f f i c i e n t s  a r e  c o m p a r e d  
w i t h  t h e  J u n g e  CLEAN c u r v e  i n  f i g .  30 ;  a l l  o f  t h e  
J u n g e  c u r v e s  h a v e  a  s i m i l a r  s h a p e ,  b u t  t h e  CLEAN c u r v e  
m o s t  c l o s e l y  r e s e m b l e s  BKE.
I t  i s  e v i d e n t  t h a t ,  o f  t h e  s i z e  d i s t r i b u t i o n  
f u n c t i o n s  a n d  r e f r a c t i v e  i n d e x e s  w h i c h  h a v e  b e e n  
e x a m i n e d ,  t h e  J u n g e  C o n t i n e n t a l  CLEAN c u r v e  m o s t  
c l o s e l y  m a t c h e s  t h e  m e a s u r e d  BKE c u r v e ;  i t  i s ,  <• 
t h e r e f o r e ,  t h i s  c o m b i n a t i o n  o f  m a n d  n ( r )  w h i c h  i s  
u s e d  i n  t h e  m o d e l  a t m o s p h e r e  a n d  t h e  t h e o r e t i c a l  
s t u d i e s  i n  s e c t i o n  9 .
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( o g g ) v q / ( y ) v q
THEORETICAL STUDIES 
The  m a i n  p u r p o s e  o f  t h e s e  s t u d i e s  i s  t o  i n v e s t i g a t e  
t h e  way i n  w h i c h  t h e  s p e c t r a l  p o w e r  d i s t r i b u t i o n  (SPD)  o f  
d a y l i g h t  i s  a f f e c t e d  by  c h a n g e s  i n  t h e  s o l a r  a l t i t u d e ,  
a n d  i n  t h e  o z o n e  a n d  a e r o s o l  c o n t e n t  o f  t h e  a t m o s p h e r e .  
The  SPD i s  c a l c u l a t e d  by  c o m b i n i n g  t h e  e x t r a t e r r e s t r i a l  
s o l a r  s p e c t r a l  i r r a d i a n c e  m e a s u r e d  by  T h e k a e k a r a  
( s e c t i o n  2 . 2 )  w i t h  a m o d e l  a t m o s p h e r e  ( s e c t i o n  8)  
c o n t a i n i n g  v a r i a b l e  a m o u n t s  o f  o z o n e  a n d  a e r o s o l .  
A b s o r p t i o n  by  o z o n e  i s  i n c l u d e d  i n  t h e  c a l c u l a t i o n s ,  a n d  
t h e  e f f e c t s  o f  a i r  m o l e c u l e s  a n d  a e r o s o l  p a r t i c l d s  a r e  
d e s c r i b e d  by  t h e  s i n g l e - s c a t t e r i n g  a p p r o x i m a t i o n ;  t h e  
a c c u r a c y  o f  t h i s  t r e a t m e n t  c a n  b e  j u d g e d  b y  c o m p a r i n g  t h e  
r e s u l t s  w i t h  o t h e r  c a l c u l a t e d  a n d  m e a s u r e d  s p e c t r a .
A f u r t h e r  a p p r o x i m a t i o n  i s  n e c e s s a r y .  I t  i s  a s s u m e d  
t h a t  a l l  o f  t h e  l i g h t  w h i c h  f a l l s  on  t h e  s u r f a c e  o f  t h e  
e a r t h  i s  a b s o r b e d ;  n o n e  o f  i t  i s  s c a t t e r e d  b a c k  i n t o  
t h e  a t m o s p h e r e .  T h u s ,  t h e s e  c a l c u l a t e d  s p e c t r a l  p o w e r  
d i s t r i b u t i o n s  s h o u l d  b e  s i m i l a r  t o  SPDs w h i c h  h a v e  b e e n  
m e a s u r e d  i n  a r e a s  w h e r e  t h e  s u r f a c e  o f  t h e  g r o u n d  i s  a 
d a r k  c o l o u r .
THE SPD OF DIRECT SUNLIGHT
I f  a s m a l l  p l a n e  s u r f a c e  i s  s h a d e d  f r o m  a l l  o f  t h e  
s k y ,  e x c e p t  i n  t h e  d i r e c t i o n  o f  t h e  s u n ' s  d i s c ,  a n d  i s  
p o s i t i o n e d  s o  t h a t  s u n l i g h t  f a l l s  u p o n  i t  a t  n o r m a l  
i n c i d e n c e ,  t h e n  t h e  i r r a d i a n c e  on  t h a t  s u r f a c e  i s
I d (A) = Hq ( A) . e x p  ( - md  (A) )   ( 8 7 )
Hq (A)  i s  t h e  e x t r a t e r r e s t r i a l  s o l a r  s p e c t r a l  i r r a d i a n c e .
m i s  t h e  ( r e l a t i v e )  a i r  . ma s s ;  i t  i s  d e f i n e d  i n  t h e  
f o l l o w i n g  wa y .  I n  f i g .  3 1 ,  t h e  p o s i t i o n  o f  t h e  s u n  i s  
d e s c r i b e d  by  t h e  s o l a r  z e n i t h  a n g l e  ( z )  ; SP i s  t h e  p a t h  
t a k e n  by  d i r e c t  s u n l i g h t  t h r o u g h  t h e  p l a n e - p a r a l l e l  
a t m o s p h e r e ,  m i s  t h e  r a t i o  o f  t h e  s l a n t  p a t h  l e n g t h  SP 
t o  t h e  v e r t i c a l  p a t h  l e n g t h  PT ( t h e  h e i g h t  o f  t h e  
a t m o s p h e r e ) ;  t h u s ,
m = P S / P T  = s e c ( z )  '    ( 8 8 )
T h i s  e q u a t i o n  i s  a d e q u a t e  f o r  z < 7 5 ° ,  b u t  a t  g r e a t e r  
z e n i t h  a n g l e s  t h e  p l a n e - p a r a l l e l - a t m o s p h e r e  a p p r o x i m a t i o n  
i s  u n s a t i s f a c t o r y ,  b e c a u s e  t h e  c u r v a t u r e  o f  t h e  r e a l  
a t m o s p h e r e  a n d  t h e  e f f e c t s  o f  r e f r a c t i o n  a r e  no  l o n g e r  
n e g l i g i b l e .  F o r  e x a m p l e ,  i n  t h e  r e a l  a t m o s p h e r e ,  m = 36 
a t  s u n r i s e  a n d  s u n s e t ;  h o w e v e r ,  e q u a t i o n  ( 8 8 )  i m p l i e s  
t h a t  m = 00 whe n  z =  9 0 ° .  I n  f i g .  3 1 ,  i t  i s  i n t e r e s t i n g  
t o  n o t e  t h a t  i f  PT r e p r e s e n t s  a d i s t a n c e  o f  100  km ( t h e  
h e i g h t  o f  t h e  m o d e l  a t m o s p h e r e ) ,  t h e n ,  i f  d r a w n  t o  t h e  
s ame  s c a l e ,  t h e  e a r t h  w o u l d  b e  a p p r o x i m a t e l y  5 m e t r e s  
i n  d i a m e t e r .
The  t h i r d  v a r i a b l e  i n  e q u a t i o n  ( 8 7 )  i s  d ( A ) ,  t h e
o p t i c a l  t h i c k n e s s  o f  t h e  a t m o s p h e r e ;  i t  i s  t h e  sum o f
t h r e e  c o m p o n e n t s :  a b s o r p t i o n  by  a t m o s p h e r i c  g a s e s ,  i n
t h i s  c a s e  o n l y  o z o n e  ( d ^ ) , s c a t t e r i n g  b y  a i r  m o l e c u l e s
( d R) , a n d  s c a t t e r i n g  by  a e r o s o l  p a r t i c l e s  ( d ^ ) . Th u s
d ( X )  = d Q (X) + d R (X) + dA (X)   ( 8 9 )
The  d ^ ( A )  v a l u e s  w e r e  c a l c u l a t e d  f o r  a 0 . 3 4 7  cm t h i c k
o z o n e  l a y e r ,  u s i n g  t h e  a b s o r p t i o n  c o e f f i c i e n t s  m e a s u r e d  
14 .b y  I n n  . The o p t i c a l  t h i c k n e s s e s  d u e  t o  m o l e c u l a r  a n d  
a e r o s o l  s c a t t e r i n g  w e r e  f i r s t  c a l c u l a t e d  a t  550  nm

w a v e l e n g t h ,  by  s u mmi n g  t h e  c o n t r i b u t i o n s  f r o m  e a c h  l a y e r  
• o f  t h e  a t m o s p h e r e ;  t h u s
3 0
d R ( 5 5 0 )  = Z b R ( 5 5 0 , h . ) - d l i .    ( 9 0 a )
j  = l J J
2 5
dA ( 5 5 0 )  = E b A ( 5 5 0 , h  . ) . dh .    ( 9 0 b )
j  = i J J
The  o p t i c a l  t h i c k n e s s  o f  t h e  m o d e l  a t m o s p h e r e  d u e  t o
m o l e c u l a r  s c a t t e r i n g  i s  p r o p o r t i o n a l  t o  t h e  m o l e c u l a r
a t t e n u a t i o n  c o e f f i c i e n t ,  a n d  t h e  a e r o s o l  o p t i c a l
t h i c k n e s s  i s  p r o p o r t i o n a l  t o  t h e  a e r o s o l  a t t e n u a t i o n
c o e f f i c i e n t ;  t h u s ,  t h e  o p t i c a l  t h i c k n e s s e s  a t  w a v e l e n g t h
X c a n  b e  c a l c u l a t e d  f r o m
d (X) = b R ( x »h > . d ( 5 5 0 )     ( 9 1 a )
b R ( 5 5 0 , h )
d (X) = ^ A ( X ’ h )  . d ( 5 5 0 )    ( 9 1 b )
b A ( 5 5 0 , h )
The  v a l u e s  o f  d ^ ( X ) ,  d R ( X ) ,  a n d  d A (X) w e r e  c a l c u l a t e d  a t  
t h e  w a v e l e n g t h s  X = 300  ( 1 0 )  800  nm;  t h e  m a g n i t u d e s  o f  
t h e s e  t h r e e  c o m p o n e n t s ,  a n d  t h e i r  v a r i a t i o n  w i t h  
w a v e l e n g t h  a r e  s hown i n  f i g .  32 .
The  i r r a d i a n c e  I R d e p e n d s  on  t h e  t o t a l  a m o u n t  o f  
a b s o r b i n g  a n d  s c a t t e r i n g  m a t e r i a l  i n  t h e  p a t h  o f  t h e  
s u n l i g h t ;  i t  d o e s  n o t  d e p e n d  on  t h e  v e r t i c a l  
d i s t r i b u t i o n  o f  t h i s  m a t e r i a l  w i t h i n  t h e  a t m o s p h e r e .  
Thus  i t  i s  n o t  p o s s i b l e  t o  d e t e r m i n e  ’t h e  v e r t i c a l  
d i s t r i b u t i o n  o f ,  f o r  e x a m p l e ,  a e r o s o l  p a r t i c l e s  f r o m  
m e a s u r e m e n t s  o f  d i r e c t  s u n l i g h t  a l o n e .
Any c h a n g e s  i n  t h e  o p t i c a l  t h i c k n e s s  o f  t h e  
a t m o s p h e r e  due  t o  v a r i a t i o n s  i n  t h e  a m o u n t  o f  o z o n e  o r  
a e r o s o l  w i l l  p r o d u c e  a c o r r e s p o n d i n g  c h a n g e  i n  t h e
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F i g .  32 The  O p t i c a l  T h i c k n e s s  o f  t h e  
C o m p o n e n t s  o f  t h e  A t m o s p h e r e
i r r a d i a n c e  o f  d i r e c t  s u n l i g h t .  S u p p o s e  t h a t  t h e  
o p t i c a l  t h i c k n e s s  i n c r e a s e s  by  a n  a m o u n t  Ad;  t h e  new 
i r r a d i a n c e  w i l l  be
I  ' = I  + A I d « H . e x p  ( - m ( d + A d ) )  .........................  ( 9 2 )
a f t e r  d i v i d i n g  t h i s  e x p r e s s i o n  by  e q u a t i o n  ( 8 7 )  a n d  
r e a r r a n g i n g  t h e  r e s u l t ,  t h e  f r a c t i o n a l  i n c r e a s e  i n  I p
i s  : ,
A l p / I p  = e x p ( - m  Ad)  -  1  . . . .  ( 9 3 )
t h i s  w i l l  h a v e  a n e g a t i v e  v a l u e ,  b e c a u s e  an  i n c r e a s e
i n  t h e  o p t i c a l  t h i c k n e s s  c a u s e s  a r e d u c t i o n  i n  t h e
a m o u n t  o f  d i r e c t  s u n l i g h t  r e a c h i n g  t h e  g r o u n d .
I t  was  s t a t e d ,  i n  s e c t i o n  1 ,  t h a t  t h e  t o t a l
d a y l i g h t ,  o r  g l o b a l  r a d i a t i o n ,  ( I q ) i s  t h e  sum ° f  t h e
d i r e c t  s u n l i g h t  ( I p )  a n d  t h e  s k y l i g h t  ( Tg ) *  The  r a t i o .
o f  d i r e c t  s u n l i g h t  t o  t o t a l  d a y l i g h t  i s  a f u n c t i o n  o f
t h e  a i r  m a s s  a n d  w a v e l e n g t h .  The  v a r i a t i o n  o f  I p / I G a s
a f u n c t i o n  o f  A, f o r  a i r  m a s s e s  1 a n d  2 ,  i s  s h o wn  i n
f i g .  3 3 ;  t h e s e  c u r v e s  a r e  b a s e d  u p o n  i r r a d i a n c e s
88 8 9m e a s u r e d  by  Kok ’ , f o r  a c l o u d l e s s  s k y .  I t  i s
p a r t i c u l a r l y  i m p o r t a n t  t o  n o t e  t h a t ,  i n  t h e  u l t r a v i o l e t  
r e g i o n ,  t h e  s k y l i g h t  i r r a d i a n c e  w i l l  b e  g r e a t e r  t h a n  t h e  
d i r e c t  s u n l i g h t  i r r a d i a n c e  f o r  m o s t  v a l u e s  o f  m.
9 . 1 . 1  1^ a s  a f u n c t i o n  o f  m
U s i n g  t h e  s t a n d a r d  m o d e l  a t m o s p h e r e ,  t h e  SPD o f  
d i r e c t  s u n l i g h t  was  c a l c u l a t e d  ( a t  10 nm i n t e r v a l s ) f o r  
v a r i o u s  v a l u e s  o f  m; t h r e e  o f  t h e  I p ( A )  c u r v e s ,  f o r  
m = 1,  2 ,  a n d  3 ( z  = 0 ° ,  6 0 ° ,  a n d  7 0 . 5 ° ) ,  a r e  s h o wn  i n  
f i g .  34 .  At  e v e r y  w a v e l e n g t h ,  I p  d e c r e a s e s  a s  t h e  l e n g t h  
o f  t h e  a t m o s p h e r i c  p a t h  t r a v e r s e d  by  s u n l i g h t  (m)
1 .
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i n  t h e  t o t a l  d a y l i g h t  on  a p l a n e  
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i n c r e a s e s .  The  e f f e c t  o f  an  i n c r e a s e  i n  m c a n  be  
d e s c r i b e d  by  t h e  f o l l o w i n g  e x p r e s s i o n ,  w h i c h  i s  s i m i l a r  
t o  e q u a t i o n  ( 9 3 ) ;
A l D/ I D “ e x p  ( -Am.  d)  -  1   ( 9 4 )
T h u s ,  f o r  a g i v e n  i n c r e a s e  i n  m,  t h e  f r a c t i o n a l  d e c r e a s e  
i n  I jj i s  g r e a t e r  a t  s h o r t e r  w a v e l e n g t h s  b e c a u s e  d ( A )  i s  
g r e a t e r .
I n  s e c t i o n  1 ,  t h e  mi n i mu m w a v e l e n g t h  (A . ) wasm m
d e f i n e d  a s  t h e  s h o r t e s t  w a v e l e n g t h  a t  w h i c h  s o l a r
r a d i a t i o n  c o u l d  b e  d e t e c t e d .  The v a r i a t i o n  o f  A . a sm m
a f u n c t i o n  o f  m i s  a p p a r e n t  i n  f i g .  3 4 ;  A . i n c r e a s e sr r  o j m m
a s  m i n c r e a s e s .  The  f o l l o w i n g  t a b l e  s h o ws  t h e  v a l u e s
o f  A . w h i c h  w o u l d  b e  m e a s u r e d  b y  e q u i p m e n t  w h i c h  i s  m m  . j -l r
- 2 - 1u n a b l e  t o  d e t e c t  i r r a d i a n c e s  l e s s  t h a n  ( a )  0 . 0 0 5  W.m . nm ,
- 2  - 1a n d  ( b )  0 . 0 5  W.m . nm ; t h e s e  f i g u r e s  a r e  b a s e d  on  t h e
c a l c u l a t e d  S P D s , a n d  s o  t h e  v a l u e s  o f  A . a r e’ m m
a v a i l a b l e  o n l y  a t  10 nm p o i n t s .
A .m m
m ( a ) ( b )
1 . 0 310 310
1 . 5 310  . 320
2 . 0 310 330
2 . 5 320 340
3 . 0 320 350
3 . 5 • 330 370
. . . 90S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  by  G a r a d z h a  w h i l e
m e a s u r i n g  t h e  u l t r a v i o l e t  s p e c t r u m  o f  d i r e c t  s u n l i g h t .
I n  o r d e r  t o  c o m p a r e  t h e  s h a p e s  o f  SPD c u r v e s  a t  
d i f f e r e n t  v a l u e s  o f  m, t h e  c u r v e s  a r e  n o r m a l i s e d  s o  t h a t  
e a c h  o f  t h e m  h a s  a r e l a t i v e  p o w e r  o f  100 u n i t s  a t  
A = 5 6 0  nm;  t h e  n o r m a l i s e d  c u r v e s  f o r  m = 1 ,  2 ,  a n d  3 
a r e  s h o wn  i n  f i g .  35 .  I t  i s  e v i d e n t  t h a t ,  a s  m i n c r e a s e s ,  
t h e  r a t i o  o f  l o n g  w a v e l e n g t h  (A > 5 6 0  nm) t o  s h o r t  
w a v e l e n g t h  (A < 5 6 0  nm) r a d i a t i o n  i n c r e a s e s ;  t h u s ,  d i r e c t  
s u n l i g h t  b e c o m e s  i n c r e a s i n g l y  r e d  a s  t h e  s u n  s i n k s  l o w e r  
i n  t h e  s k y .
The  SPDs o f  d i r e c t  s u n l i g h t  m e a s u r e d  by  K o k , f o r
m = 1 a n d  2 ,  a r e  s h o wn  i n  f i g .  3 6 ;  t h e  c h a n g e  i n  m
p r o d u c e s  a s i m i l a r  e f f e c t  t o  t h a t  w h i c h  o c c u r s  i n  t h e
c a l c u l a t e d  s p e c t r a  o f  f i g .  34 .  The  m = 1  SPD c u r v e s  f r o m
8 8f i g .  34 ( c a l c u l a t e d )  a n d  f i g .  36 ( m e a s u r e d  ) a r e  
c o m p a r e d  i n  f i g .  37 .  The d i f f e r e n c e s  b e t w e e n  t h e  s h a p e s  
o f  t h e s e  c u r v e s  a r e  d u e  t o  a b s o r p t i o n  by  t h o s e  g a s e s  
w h i c h  w e r e  n o t  i n c l u d e d  i n  t h e  m o d e l  a t m o s p h e r e .  
F u r t h e r m o r e ,  t h e  SPD m e a s u r e d  by  Kok was  o b t a i n e d  a t  
1400  m a b o v e  s e a  l e v e l ,  w h e r e a s  t h e  c a l c u l a t e d  SPD i s  
f o r  d i r e c t  s u n l i g h t  a t  s e a  l e v e l ;  c o n s e q u e n t l y ,  t h e  
m e a s u r e d  v a l u e s  o f  1.^ a r e  l a r g e r  t h a n  t h e  c a l c u l a t e d  
v a l u e s .
The  p r o p o r t i o n  o f  u l t r a v i o l e t  r a d i a t i o n  i n  d i r e c t
s u n l i g h t  i s  o f  p a r t i c u l a r  i n t e r e s t ;  i t  c a n  b e
r e p r e s e n t e d  by  a "UV R a t i o " ,  w h i c h  i s  d e f i n e d  a s
£ I n ( 3 0 0  £ A < 4 0 0 )
UV R a t i o  = ........      ( 9 5 )
£ I  ( 3 0 0 . ^ A < 7 0 0 )
w h e r e  t h e  I ^ ( A )  a r e  c a l c u l a t e d  a t  10 nm i n t e r v a l s  i n  
t h e  w a v e l e n g t h  r a n g e s  i n d i c a t e d .  The  UV R a t i o  was
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e v a l u a t e d  a t  m = 1 . 0 ( 0 . 1 ) 3 . 5 , u s i n g t h e  s t a n d a r d  mode  1 
a t m o s p h e r e ;  t h e  r e s u l t s  a r e  s hown  i n  f i g .  3 8 .  The  UV 
R a t i o  d e c r e a s e s  a s  m i n c r e a s e s .  Few r e s e a r c h e r s  h a v e  
i n v e s t i g a t e d  t h e  r e l a t i o n  b e t w e e n  t h e  UV R. a t i o  a n d  m f o r  
d i r e c t  s u n l i g h t ,  a n d  so  t h e r e  i s  v e r y  l i t t l e  m e a s u r e d  
d a t a  f o r  c o m p a r i s o n  w i t h  t h e s e  c a l c u l a t e d  v a l u e s .  I n  
t h e  f o l l o w i n g  t a b l e ,  t h e  c a l c u l a t e d  UV R a t i o s  f o r  m = 1  
a n d  2 a r e  c o m p a r e d  w i t h  t h e  v a l u e s  d e r i v e d  f r o m  K o k ' s  
SPD m e a s u r e m e n t s .  The  m e a s u r e d  UV ‘R a t i o s  a r e  h i g h e r  
t h a n  t h e  c a l c u l a t e d  o n e s ,  o w i n g  t o  t h e  a l t i t u d e  o f  t h e  
s i t e  a t  w h i c h  K o k ’ s m e a s u r e m e n t s  w e r e  ma d e .
UV R a t i o
m C a l c u l a t e d M e a s u r e d
1 0 . 0 8 7 0 0 . 0 9 2 7
2 0 . 0 5 2 1 0 . 0 5 5 3
9 . 1 . 2  The  e f f e c t  o f  t h e  A t m o s p h e r i c  A e r o s o l  on  1^
The  SPD o f  d i r e c t  s u n l i g h t  wa s  c a l c u l a t e d  u s i n g  t h e  
m o d e l  a t m o s p h e r e  w i t h  d i f f e r e n t  a m o u n t s  o f  a e r o s o l ,  b u t  
w i t h  a f i x e d  a e r o s o l  s i z e  d i s t r i b u t i o n  f u n c t i o n .  The  
e f f e c t s  o f  a e r o s o l  c o n t e n t s  ( f ^ )  v a r y i n g  f r o m  no  
a e r o s o l  ( f . = 0 ,  -  p u r e  m o l e c u l a r  a t m o s p h e r e )  t o  1 . 2
t i m e s  t h e  a e r o s o l  c o n t e n t  o f  t h e  s t a n d a r d  m o d e l  
a t m o s p h e r e  ( f ^  = 1 . 2 )  w e r e  i n v e s t i g a t e d .
The  i r r a d i a n c e s  e m e r g i n g  f r o m  t h e  s t a n d a r d  m o d e l  
a t m o s p h e r e ,  a n d  f r o m  t h e  m o d e l  w i t h o u t  a e r o s o l  a r e  
s hown  i n  f i g .  3 9 ;  r e m o v i n g  t h e  a e r o s o l  p r o d u c e s  a n  
i n c r e a s e  i n  1 ^ .  The  f r a c t i o n a l  i n c r e a s e  ( A I ^ / I ^ )  i s
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g r e a t e s t  a t  t h e  s h o r t e r  w a v e l e n g t h s ,  w h e r e  d ^ ( A )  i s
g r e a t e s t .  H o w e v e r ,  i t  i s  mo r e  l i k e l y  t h a t  t h e  a e r o s o l
c o n t e n t  o f  t h e  a t m o s p h e r e  w i l l  i n c r e a s e .  The  r e d u c t i o n s
i n  I p  d u e  t o  s m a l l  (5%,  10%) a n d  l a r g e  ( 50%,  100%)
i n c r e a s e s  i n  t h e  a e r o s o l  w e r e  c a l c u l a t e d  u s i n g  e q u a t i o n
( 9 3 ) ;  t h e  r e s u l t s  a r e  p r e s e n t e d  i n  f i g .  4 0 .  The
g r e a t e s t  ’% d e c r e a s e  i n  I p  o c c u r s  a t  t h e  s h o r t e s t
w a v e l e n g t h ,  a n d ,  i n  e a c h  c a s e ,  A l p  (%) i s  l e s s  t h a n  h a l f
o f  t he % i n c r e a s e  i n  t h e  a e r o s o l  c o n t e n t .  I n  t h e
f o l l o w i n g  t a b l e ,  some o f  t h e s e  v a l u e s  a r e  c o m p a r e d  w i t h
91f i g u r e s  c a l c u l a t e d  b y  S h e t t l e  ; t h e  d a t a  c o r r e s p o n d  t o  
a 100% i n c r e a s e  i n  t h e  a e r o s o l ,  a t  m = 1.
A l p  (% d e c r e a s e )
A E q u a t i o n  ( 9 3 ) 91S h e t t l e
300 3 3 . 0 33 .  7
310 3 2 . 4 3 3 . 2
320 3 1 . 8 3 2 .  7
330 3 1 . 2 3 2 . 2
340 3 0 . 7 3 1 . 8
T h e r e  a r e  s m a l l  d i f f e r e n c e s  b e t w e e n  t h e s e  f i g u r e s ,  
b e c a u s e  t h e  a e r o s o l  s i z e  d i s t r i b u t i o n  f u n c t i o n  u s e d  b y  
S h e t t l e  i s  n o t  t h e  s ame a s  t h a t  w h i c h  i s  i n c o r p o r a t e d  
i n  t h e  m o d e l  a t m o s p h e r e ;  i n  g e n e r a l ,  t h e  a g r e e m e n t  i s  
s a t i s f a c t o r y .
The  p r e c e d i n g  c a l c u l a t i o n s  r e f e r r e d  t o  m = 1 ;  f r o m  
e q u a t i o n  ( 9 3 )  i t  c a n  be  s e e n  t h a t ,  f o r  a g i v e n  i n c r e a s e  
i n  d ^ ( A ) ,  t h e  f r a c t i o n a l  d e c r e a s e  i n  I p  w i l l  b e  g r e a t e r  a t  
l a r g e r  v a l u e s  o f  m.
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F i g .  40 The  d e c r e a s e  i n  1^  d u e  t o  a n  i n c r e a s e  
i n  t h e  a t m o s p h e r i c  a e r o s o l ,  f o r  m = 1
I t  i s  e v i d e n t  t h a t  l a r g e  i n c r e a s e s  i n  t h e  a e r o s o l
c o n t e n t  o f  t h e  a t m o s p h e r e  w i l l  p r o d u c e  m a r k e d
r e d u c t i o n s  i n  t h e  i r r a d i a n c e  o f  d i r e c t  s u n l i g h t .
A l t h o u g h  s m a l l  ( e . g .  5%) i n c r e a s e s  i n  t h e  a e r o s o l  may
h a v e  a n e g l i g i b l e  e f f e c t  on  d i r e c t  s u n l i g h t ,  t h e y  w i l l
c e r t a i n l y  c a u s e  s i g n i f i c a n t  c h a n g e s  i n  t h e  t e m p e r a t u r e
d i s t r i b u t i o n  a n d  r a d i a t i v e  e q u i l i b r i u m  o f  t h e  a t m o s p h e r e .
The  r e l a t i o n  b e t w e e n  t h e  UV R a t i o  a n d  t h e  a e r o s o l
c o n t e n t  was  a l s o  i n v e s t i g a t e d .  I n  f i g .  4 1 ,  t h e  UV R a t i o
i s  s h o wn  a s  a f u n c t i o n  o f  m f o r  t h e  s t a n d a r d  m o d e l
a t m o s p h e r e  w i t h  ( f  = 1)  a n d  w i t h o u t  ( f  . = 0)  a e r o s o l .
A  A
The  UV R a t i o  d e c r e a s e s  a s  t h e  a e r o s o l  c o n t e n t  
i n c r e a s e s ,  a n d  t h e  r e d u c t i o n  i s  g r e a t e r  a t  l a r g e r  
v a l u e s  o f  m.  An a n a l y s i s  o f  t h e  c a l c u l a t e d  UV R a t i o s  
s h o w e d  t h a t ,  f o r  a e r o s o l  c o n t e n t s  i n  t h e  r a n g e  
0 ^  f ^  1 . 2 ,  t h e  UV R a t i o  c o u l d  b e  e x p r e s s e d  a s  a 
q u a d r a t i c  f u n c t i o n  o f  f ^ ;  e . g .  f o r  m = 1 ,
• UV R a t i o  = 0 . 0 0 0 2 7 8 f A2 -  0 . 0 0 8 3 0 f A + 0 . 0 9 5 0 4  . . .  ( 9 6 a )
a n d ,  f o r  m = 2 ,
UV R a t i o  = 0 . 0 0 0 7 9 2 f . 2 -  0 . 0 1 1 2 1 f  + 0 . 0 6 2 4 9  . . .  ( 9 6 b )
A  A
T h e s e  e m p i r i c a l  f o r m u l a e  c a n  r e p r o d u c e  t h e  c a l c u l a t e d  
r e s u l t s  c o r r e c t  t o  f o u r  s i g n i f i c a n t  f i g u r e s .
9 . 1 . 3  The  a b s o r p t i o n  o f  D i r e c t  S u n l i g h t  by  Oz o n e
Th e  s p e c t r a l  r e g i o n s  i n  w h i c h  d i r e c t  s u n l i g h t  i s  
a b s o r b e d  by  o z o n e  a r e  sho\v>n i n  f i g .  4 2 ;  t h e  s h a d e d  a r e a s
i n d i c a t e  t h e  d i f f e r e n c e  b e t w e e n  t h e  SPDs w i t h  a n d
w i t h o u t  o z o n e  a b s o r p t i o n ,  f o r  m = 1 .  The  m o s t  
i m p o r t a n t  r e g i o n  i n  t h e  a b s o r p t i o n  s p e c t r u m  o f  o z o n e  
i s  X < 330  nm,  w h e r e  t h e  u l t r a v i o l e t  r a d i a t i o n  i s  
b i o l o g i c a l l y  a c t i v e ;  a t  t h e s e  w a v e l e n g t h s ,  t h e
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f o r  s t a n d a r d  m o d e l  a t m o s p h e r e  w i t h  
a n d  w i t h o u t  a e r o s o l
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i r r a d i a n c e  o f  d i r e c t  s u n l i g h t  i s  c o n t r o l l e d  m a i n l y  by  
t h e  s o l a r  z e n i t h  a n g l e  a n d  t h e  a m o u n t  o f  o z o n e  i n  t h e  
a t m o s p h e r e .
The  o z o n e  c o n t e n t  o f  t h e  s t a n d a r d  m o d e l  a t m o s p h e r e  
i s  0 . 3 4 7  cm a t  STP;  t h i s  i s  t h e  f i g u r e  w h i c h  i s  u s e d  i n  
t h e  US S t a n d a r d  A t m o s p h e r e .  T h i s  v a l u e  i s  h i g h e r  t h a n  
t h a t  q u o t e d  b y  o t h e r  a u t h o r s  f o r  m i d l a t i t u d e  c o n d i t i o n s  
h o w e v e r ,  t h e  o z o n e  c o n t e n t  o f  t h e  a t m o s p h e r e  v a r i e s  so 
w i d e l y  f r o m  p l a c e  t o  p l a c e  a n d  f r o m  s e a s o n  t o  s e a s o n  
t h a t  t h e s e  d i f f e r e n c e s  a r e  n o t  s i g n i f i c a n t ,  a l t h o u g h  
t h e y  w i l l  p r o d u c e  d i s c r e p a n c i e s  i n  t h e  c a l c u l a t i o n s .
T h e r e  i s  now s ome  d o u b t  a s  t o  w h e t h e r  t h e  o z o n e  
l a y e r  w i l l  b e  s e r i o u s l y  d e p l e t e d  b y  m a n ’ s a c t i v i t i e s ;  
h o w e v e r ,  a t  t h e  h e i g h t  o f  t h i s  c o n t r o v e r s y ,  i t  wa s  
s u g g e s t e d  t h a t  t h e r e  m i g h t  b e  a r e d u c t i o n  o f  a b o u t  10% 
i n  t h e  t h i c k n e s s  o f  t h e  o z o n e  l a y e r  ( n a t u r a l  v a r i a t i o n s  
i n  t h e  o z o n e  l a y e r  a r e  o f  s i m i l a r  m a g n i t u d e ) . The  
e f f e c t s  o f  0 -  20% r e d u c t i o n s  i n  t h e  o z o n e  c o n t e n t  on  
v a r i o u s  w a v e l e n g t h s  o f  u l t r a v i o l e t  r a d i a t i o n  a r e  s h o wn  
i n  f i g .  4 3 .  The  i n c r e a s e s  i n  t h e  i r r a d i a n c e  ( 1 ^ )  a r e  
e x p r e s s e d  i n  t e r m s  o f  a F a c t o r  I n c r e a s e  ( F I ) , w h i c h  i s  
d e f i n e d  a s
I _ ( r e d u c e d  o z o n e  c o n t e n t )
F I  = ---------------------------------------------- :-----  = e x p ( - m A d )  ............  ( 9 7 )
I ^ ( s t a n d a r d  o z o n e  c o n t e n t )
( c f .  e q u a t i o n  ( 9 3 )  )
I n  t h i s  c a s e ,  Ad i s  n e g a t i v e  b e c a u s e  i t  r e p r e s e n t s  a 
d e c r e a s e  i n  d ^ ( X ) .  The  i n c r e a s e s  i n  i r r a d i a n c e  a r e  
g r e a t e s t  a t  t h e  s h o r t e r  w a v e l e n g t h s ,  w h e r e  t h e  o z o n e  
a b s o r p t i o n  c o e f f i c i e n t s  a r e  l a r g e s t .  The  i n c r e a s e s
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F i g .  43 The  i n c r e a s e  i n  UV r a d i a t i o n  d u e
t o  r e d u c t i o n s  i n  t h e  o z o n e  c o n t e n t  
o f  t h e  a t m o s p h e r e ,  f o r  m = 1
s h o wn  i n  f i g .  43 a r e  s i m i l a r  t o  t h o s e  c a l c u l a t e d  by  
. 9 2C u t c h i s  . Fr om e q u a t i o n  ( 9 7 ) ,  i t  i s  e v i d e n t  t h a t ,  f o r  
a g i v e n  d e c r e a s e  i n  o z o n e  c o n t e n t ,  t h e  F a c t o r  I n c r e a s e  
i n  1^  w i l l  b e  g r e a t e r  a t  l a r g e r  v a l u e s  o f  m.
Th e  p o w e r  r e c e i v e d  a t  t h e s e  w a v e l  e n g t h s  i s  v e r y  
s m a l l  by  c o m p a r i s o n  w i t h  t h e  t o t a l  i r r a d i a n c e  o f  d i r e c t  
s u n l i g h t ;  t h e  p o w e r  l e v e l s  i n v o l v e d  c a n  b e  s e e n  f r o m  
t h e  f i g u r e s  i n  T a b l e  6 ,  w h e r e  i r r a d i a n c e s  c a l c u l a t e d  
f r o m  t h e  s t a n d a r d  m o d e l  a t m o s p h e r e  a r e  c o m p a r e d  w i t h
c a l c u l a t i o n s  by  S h e t t l e  a n d  w i t h  i r r a d i a n c e s  m e a s u r e d
93 .by  B e n e r  . When c o m p a r i n g  t h e s e  f i g u r e s ,  i t  s h o u l d  b e
n o t e d  t h a t :
( a )  The  m o d e l  a t  mo s id h e r e  u s e d  by  S h e t t l e  i s  d i f f e r e n t  
f r o m  t h e  o n e  d e s c r i b e d  i n  t h i s  t h e s i s ,  a s  i t  
c o n t a i n s  o n l y  0 . 3 2  cm o f  o z o n e .
( b )  B e n e r ’ s m e a s u r e m e n t s  w e r e  ma d e  a t  a n  a l t i t u d e  o f  
1 6 0 0  m a b o v e  s e a  l e v e l ;  t h e  f i g u r e s  i n  T a b l e  6 
r e p r e s e n t  s ummer  c o n d i t i o n s  ( g r o u n d  f r e e  f r o m  
s n o w ) ,  a n d  t h e y  h a v e  b e e n  a d j u s t e d  t o  a n  o z o n e  
c o n t e n t  o f  0 . 2 5 0  cm.
When t h e s e  f a c t o r s  a r e  t a k e n  i n t o  a c c o u n t ,  t h e  f i g u r e s  
i n  T a b l e  6 a r e  s e e n  t o  b e  i n  s a t i s f a c t o r y  a g r e e m e n t .
I t  m u s t  b e  r e m e m b e r e d  t h a t  d i r e c t  s u n l i g h t  
r e p r e s e n t s  l e s s  t h a n  o n e  h a l f  o f  t h e  g l o b a l  r a d i a t i o n  
a t  t h e s e  w a v e l e n g t h s ;  e v e n  s o ,  t h e  i r r a d i a n c e s  a r e  s o  
s m a l l  t h a t  v a r i a t i o n s  i n  t h e  o z o n e  c o n t e n t  h a v e  a 
n e g l i g i b l e  e f f e c t  on  t he* UV R a t i o .
Th e  b i o l o g i c a l  e f f e c t s  o f  u l t r a v i o l e t  r a d i a t i o n  
a r e  v e r y  i m p o r t a n t .  At  w a v e l e n g t h s  b e f o w  3 3 0  nm,  UV
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r a d i a t i o n  c a u s e s  e r y t h e m a  ( a n d  p e r h a p s  s k i n  c a n c e r ) ;  t h e  
e f f e c t i v e n e s s  o f  d i f f e r e n t  w a v e l e n g t h s  f o r  p r o d u c i n g  
e r y t h e m a  i s  r e p r e s e n t e d  b y ' t h e  R e l a t i v e  E r y t h e m a l  F a c t o r ,  
o r  E r y t h e m a l  E f f i c i e n c y ,  w h i c h  w i l l  b e  r e f e r r e d  t o  a s  
REF f o r  b r e v i t y .  The  v a l u e  REF = 1 i s  a s s i g n e d  t o  t h e  
w a v e l e n g t h  2 9 6 . 7  nm,  a n d  t h e  f o l l o w i n g  t a b l e  s h o ws  t h e  
REFs f o r  o t h e r  UV w a v e l e n g t h s .
X REF X REF
285 0 . 0 9 3 1 0 0 . 1 1
290 0 . 3 1 315 0 . 0 1
• 295 0 . 9 8 3 2 0 0 . 0 0 5  '
3 00 0 . 8 3 325 0 . 0 0 3
305 0 . 3 3 3 3 0 0 . 0 0 0
The  t o t a l  e r y t h e m i c  f l u x  i s  o b t a i n e d  by  s u mmi n g  t h e  
v a l u e s  o f  R E F ( X ) . I ^ ( X )  a t  s m a l l  i n t e r v a l s  o f  w a v e l e n g t h .
A p p r o x i m a t e  c a l c u l a t i o n s  o f  t h e  t o t a l  e r y t h e m i c  
f l u x  w e r e  ma d e  u s i n g  X = 285 ( 5 )  325  nm.  F o r  t h e  
s t a n d a r d  m o d e l  a t m o s p h e r e ,  t h e  e r y t h e m a l  f l u x  d e c r e a s e d  
by  27% whe n  m i n c r e a s e d  f r o m . l  t o  2 .  The  e f f e c t  o f  
r e d u c i n g  t h e  o z o n e  c o n t e n t  was  a l s o  i n v e s t i g a t e d .
% d e c r e a s e  i n  
o z o n e  c o n t e n t
% i n c r e . a s e  i n  
e r y t h e m a l  f l u x
5 8
10 18
15 28
20
.......................... . ............
41
T h e s e  f i g u r e s  a r e  f o r  m -  1 ;  t h e  i n c r e a s e  i n  e r y t h e m a l  
f l u x  i s  e x p r e s s e d  a s  a p e r c e n t a g e  o f  t h e  f l u x  f o r  t h e  
s t a n d a r d  o z o n e  c o n t e n t .  The  s i g n i f i c a n t  r e s u l t  i s  t h a t  
t h e  i n c r e a s e  i n  t h e  e r y t h e m a l  f l u x  i s  muc h  g r e a t e r  t h a n  
t h e  d e c r e a s e  i n  t h e  o z o n e  c o n t e n t .
9 . 2  THE SPD OF SKYLIGHT AND GLOBAL RADIATION
The  SPD o f  s k y l i g h t  i s  c a l c u l a t e d  f r o m  t h e  e q u a t i o n  
o f  R a d i a t i v e  T r a n s f e r ;  ma ny  t e c h n i q u e s  h a v e  b e e n  u s e d  t o  
s o l v e  t h e  e q u a t i o n ,  b u t  i n  e v e r y  c a s e  i t  i s  n e c e s s a r y  t o  
c o m p r o m i s e  b e t w e e n  t h e  a c c u r a c y  o f  t h e  r e s u l t s  a n d  t h e  
t i m e  r e q u i r e d  f o r  c o m p u t a t i o n .  Th e  s i m p l e s t  t r e a t m e n t ,  
t h e  s i n g l e - s c a t t e r i n g  a p p r o x i m a t i o n ,  i s  u s e d  h e r e ;  t h e  
o b j e c t  o f  t h e s e  c a l c u l a t i o n s  i s  t o  d e t e r m i n e  w h e t h e r  
t h i s  m e t h o d  c a n  p r o d u c e  m e a n i n g f u l  r e s u l t s  f o r  a m o d e l  
a t m o s p h e r e  w i t h  b o t h  a i r  m o l e c u l e s  a n d  a e r o s o l  p a r t i c l e s .
The  c a l c u l a t i o n s  w e r e  r e s t r i c t e d  t o  m = 1 ( z  = 0 ° )  
b e c a u s e  t h e  s i n g l e - s c a t t e r i n g  a p p r o x i m a t i o n  i s  m o s t  
a c c u r a t e  f o r  s h o r t  a t m o s p h e r i c  p a t h s ,  a n d  b e c a u s e  t h e  
c o m p u t a t i o n s  c a n  b e  p e r f o r m e d  m o r e  q u i c k l y  f o r  m = 1 
t h a n  f o r  o t h e r  v a l u e s  o f  t h e  a i r  m a s s ; ,  t h i s  w o r k  i s  
p r i m a r i l y  c o n c e r n e d  w i t h  t h e  e f f e c t s  o f  t h e  a t m o s p h e r i c  
a e r o s o l ,  f o r  w h i c h  p u r p o s e  o n e  v a l u e  o f  m i s  q u i t e  
a d e q u a t e .  R e s u l t s  f o r  m = 1 a r e  o f t e n  p r e s e n t e d  by  
o t h e r  r e s e a r c h e r s ,  a n d  so  t h i s  c h o i c e  o f  m w i l l  
f a c i l i t a t e  c o m p a r i s o n s  b e t w e e n  t h e  p r e s e n t  c a l c u l a t i o n s  
a n d  v a l u e s  r e p o r t e d  e l s e w h e r e .
9 . 2 . 1  Me t h o d  o f  C a l c u l a t i o n
Much o f  t h e  f o l l o w i n g  d i s c u s s i o n  i s  b a s e d  u p o n  
r e s u l t s  w h i c h  w e r e  p r e s e n t e d  e a r l i e r ;  f o r  c o n v e n i e n c e  
t h e  r e l e v a n t  p o i n t s  a r e  s u m m a r i s e d  b e l o w .
When u n p o l a r i s e d  l i g h t ,  w i t h  i r r a d i a n c e  1 ^ ,  f a l l s  
on  a s m a l l  v o l u m e  o f  t h e  a t m o s p h e r e  (dV)  w h i c h  c o n t a i n s  
a i r  m o l e c u l e s  a n d  a e r o s o l  p a r t i c l e s ,  t h e  s c a t t e r e d  
i r r a d i a n c e  a t  a- d i s t a n c e  D f r o m  t h e  s c a t t e r i n g  v o l u m e ,  
i n  t h e  d i r e c t i o n  d e f i n e d  by  . t h e  s c a t t e r i n g  a n g l e  0 ,  i s
1 ( 0 ) .  dV = ( I R( 0 )  + I A ( 0 ) ) . d V   ( 5 8 )
Th e  c o n t r i b u t i o n  f r o m  m o l e c u l a r  s c a t t e r i n g  i s
I R( 0 )  = ( I o / D 2 ) . b R( A , h ) . F R ( 0 )    ( 9 8 )
a n d  t h e  c o n t r i b u t i o n  f r o m  a e r o s o l  s c a t t e r i n g  i s
I A( 0 )  = (Xo / D 2 ) . b A( X , h ) . F a ( 0 , X )    ( 9 9 )
Wh e r e  F ^ ( 0 )  a n d  F ^ ( 0 , A )  a r e  t h e  n o r m a l i s e d  p h a s e  
f u n c t i o n s  f o r  m o l e c u l a r  a n d  a e r o s o l  s c a t t e r i n g ,  
r e s p e c t i v e l y .
The  s c a t t e r e d  i r r a d i a n c e  i s  a f u n c t i o n  o f  t h e  
s c a t t e r i n g  a n g l e  ( 0 )  a n d  t h e  w a v e l e n g t h  o f  t h e  i n c i d e n t  
l i g h t  ( A ) ; i t  a l s o  d e p e n d s  on  t h e  a l t i t u d e  ( h )  b e c a u s e  
t h e  c o n c e n t r a t i o n  o f  a i r  m o l e c u l e s  and '  a e r o s o l  
. p a r t i c l e s  c h a n g e s  w i t h  a l t i t u d e .  I n  a d d i t i o n ,  
d e p e n d s  on t h e  s i z e  d i s t r i b u t i o n  a n d  r e f r a c t i v e  i n d e x  
o f  t h e  a e r o s o l  p a r t i c l e s ;  t h e s e  p r o p e r t i e s  a r e  a s s u m e d  
t o  b e  c o n s t a n t  t h r o u g h o u t  t h e  m o d e l  a t m o s p h e r e  a n d  
a r e  n o t  s hown  i n  e q u a t i o n  ( 9 9 ) .
The  o p t i c a l  t h i c k n e s s  o f  a v e r t i c a l  p a t h  t h r o u g h  
t h e  a t m o s p h e r e ,  b e t w e e n  a l t i t u d e s  h ^  a n d  t u  i s
( b R ( X , h )  + b A_ ( X , h ) ) . d h ( 1 0 0 )
h .1
w h e r e  b p a n d  b,  a r e ,  r e s p e c t i v e l y ,  t h e  m o l e c u l a r  a n d
Iv /x
a e r o s o l  a t t e n u a t i o n  c o e f f i c i e n t s .
The  g e o m e t i y  o f  t h e  s i n g l e - s c a t t e r i n g  p r o c e s s  i s  
s h o wn  i n  f i g .  4 4 a ;  u n p o l a r i s e d  e x t r a t e r r e s t r i a l  s o l a r
on  t h e  t o p  o f  t h e  a t m o s p h e r e ,  a n d  t h e  SPD o f  s k y l i g h t  
i s  m e a s u r e d  on  t h e  e a r t h ' s  s u r f a c e  ( t h e  h o r i z o n t a l  
p l a n e )  a t  p o i n t  P .  F o r  b r e v i t y ,  t h e  a r g u m e n t s  w i l l  b e  
o m i t t e d  f r o m  m o s t  o f  t h e  f u n c t i o n s  i n  t h e  f o l l o w i n g  
d i s c u s s  i o n .
C o n s i d e r  a s m a l l  v o l u m e  (dV)  a t  p o i n t  0 ( f i g . 4 4 a ) ;  
t h e  s o l a r  i r r a d i a n c e  r e a c h i n g  0 i s
. t o p  o f  t h e  a t m o s p h e r e .  The  i r r a d i a n c e  a t  P ,  d u e  t o  dV, 
i s  c a l c u l a t e d  f r o m  e q u a t i o n s  ( 5 8 )  , ( 9 8 ) ,  ( 9 9 )  a n d
( 1 0 1 ) ,  w i t h  OP = D.  The  s c a t t e r e d  l i g h t  i s  a t t e n u a t e d  
a l o n g  t h e  p a t h  f r o m  0 t o  P;  t h e  i r r a d i a n c e  i s  r e d u c e d
t h i c k n e s s  b e t w e e n  0 a n d  t h e  b o t t o m  o f  t h e  a t m o s p h e r e .  
Th u s  t h e  i r r a d i a n c e  a t  P on  t h e  p l a n e  p e r p e n d i c u l a r  t o  
OP i s  I ( 0 ) . d V . e x p ( - d  _ . s e c O)0 VT
a n d  t h e  c o n t r i b u t i o n  t o  t h e  s k y l i g h t  i r r a d i a n c e ,  on
r a d i a t i o n  f a l l s ,  a t  n o r m a l  i n c i d e n c e  ( z  = 0 ° ,  m = 1 ) ,
( 101)
w h e r e  d ^  i s  t h e  o p t i c a l  t h i c k n e s s  b e t w e e n  0 a n d  t h e
by  a f a c t o r  e x p ( - d  . s e c O ) , w h e r e  d . ^  i s  t h e  o p t i c a l
U  V J  U  KJt
t h e  h o r i z o n t a l  p l a n e  a t  P i s
d i g  = I ( 0 ) . d V . e x p ( - d QG. s e c O ) . c o s G ( 1 0 2 )
w h e r e
2
(103)
E x t r a t e r r e s t r i a l  S o l a r  R a d i a t i o n  (II )o
F i g .
V V V
1 ( 0 ),
p
4 4 a  S i n g l e  S c a t t e r i n g  i n  t h e  A t m o s p h e r e
T
I
I dR
P
F i g .  44b  The  C a l c u l a t i o n  o f  S i n g l e  S c a t t e r i n g  i n  
t h e  m o d e l  a t m o s p h e r e
Th e  t o t a l  s k y l i g h t  i r r a d i a n c e  i s  o b t a i n e d  by  
i n t e g r a t i n g  e q u a t i o n  ( 1 0 2 )  o v e r  a l l  v o l u m e  e l e m e n t s  dV 
w i t h i n  t h e  a t m o s p h e r e .
The  e v a l u a t i o n  o f  t h e s e  e q u a t i o n s  i n  t h e  m o d e l
a t m o s p h e r e  i s  i l l u s t r a t e d  i n  f i g .  4 4 b .  C o n s i d e r  t h e
t h  . . .j  l a y e r ;  i t s  t h i c k n e s s  i s  dh^ , a n d  p o i n t  0 i s-  a t  t h e
m i d p o i n t  o f  t h e  l a y e r ,  a t  a l t i t u d e  t u  . I n  t h r e e
d i m e n s i o n s ,  t h i s  d i a g r a m  h a s  c y l i n d r i c a l  s y m m e t r y  a b o u t
t h e  l i n e  P S ,  a n d  s o  t h e  v o l u m e  e l e m e n t  dV c a n  b e
r e p r e s e n t e d  by  a r i n g  o f  r a d i u s  R,  w i t h  a  r e c t a n g u l a r
c r o s s  s e c t i o n  o f  w i d t h  dR a n d  t h i c k n e s s  d h . ;  a l l  o f
3
t h e s e  l e n g t h s  a r e  i n d i c a t e d  on  f i g .  4 4 b ,  b u t  t h e  s i z e  
o f  t h e  v o l u m e  e l e m e n t  i s  g r e a t l y  e x a g g e r a t e d .  T h u s
dV = 2TTR. dR. dhj  • . . . . . ____  ( 1 0 4 )
A l l  o f  t h e  f o r m u l a e  c a n  b e  s i m p l i f i e d  by  u s i n g  y = c o s © 
a s  t h e  i n d e p e n d e n t  v a r i a b l e ;  t h u s ,  R = - h j . t a n 0 ,
D = h j . s e c G ,  a n d  e q u a t i o n s  ( 1 0 2 )  -  ( 1 0 4 )  c a n  b e  
r e w r i t t e n  a s  f o l l o w s :
d i g  = -2TTdhj  . Hq . e x p  ( - d QT) . I  ( y )  . dy    ( 1 0 5 )
w h e r e
I ( y )  = e x p ( - d QG/ y ) . ( b R . P R ( y )  + b A ’ FA^y ' ^  . . . . . .  ( 1 0 6 )
t  hThe  t o t a l  c o n t r i b u t i o n  t o  I  f r o m  t h e  j  l a y e r  i sD
>yf
d l g ( j )  = -2TTdhj  . HQ. e x p  ( - d 0 T ) | I ( y ) . d y  . . . .  ( 1 0 7 )
I
The  l i m i t s  o f  i n t e g r a t i o n  a r e  y = 1 (R = 0 ) ,  a n d  y = y^ 
(R = 8 0 0  k m) ;  t h e  v a l u e  o f  8 0 0  km was  c h o s e n  f o r  t h e  
u p p e r  l i m i t  b e c a u s e  t h e  v o l u m e  o f  a t m o s p h e r e  w h i c h  i s  
a b o v e  t h e  h o r i z o n  i n  a 100  km t h i c k  s p h e r i c a l  
a t m o s p h e r e  i s  a p p r o x i m a t e l y  e q u a l  t o  t h e  v o l u m e  o f  a
100  lcra t h i c k ,  8 0 0  km r a d i u s ,  c y l i n d r i c a l  a t m o s p h e r e .  
Th e  t o t a l  s k y l i g h t  i r r a d i a n c e  i s  o b t a i n e d  by  
e v a l u a t i n g  e q u a t i o n  ( 1 0 7 )  f o r  e a c h  l a y e r ,  a n d  t h e n  
a d d i n g  t o g e t h e r  t h e  c o n t r i b u t i o n s  f r o m  a l l  o f  t h e  
l a y e r s .  The  e f f e c t  o f  o z o n e  a b s o r p t i o n  c a n  b e  i n c l u d e d  
by  i n t r o d u c i n g  a f a c t o r  e x p O - d ^ ) ,  w h e r e  d ^  i s  t h e  
o p t i c a l  t h i c k n e s s  o f  t h e  o z o n e  l a y e r .
An A l g o l  68 p r o g r a m  was  w r i t t e n  t o  p e r f o r m  t h e s e  
c o m p u t a t i o n s .  The  o p t i c a l  t h i c k n e s s e s  ( e q u a t i o n  ( 1 0 0 ) )  
w e r e  c a l c u l a t e d  by  a d d i n g  t h e  c o n t r i b u t i o n s  f r o m  a l l  
o f  t h e  a t m o s p h e r i c  l a y e r s  b e t w e e n  p o i n t  0 a n d  t h e  t o p  
o r  b o t t o m  o f  t h e  a t m o s p h e r e  ( c f .  e q u a t i o n s  ( 9 0 )  a n d  
( 9 1 ) ) .  The  n o r m a l i s e d  m o l e c u l a r  s c a t t e r i n g  p h a s e  
f u n c t i o n  was  e v a l u a t e d  u s i n g  t h e  e x p r e s s i o n  
F„ ( y )  = 0 . 7 6 2 9  (1 + 0 . 9 3 2 y 2 )/47T    ( 1 0 8 )K
T h e r e  i s  no  c o m p a r a b l e  f o r m u l a  f o r  t h e  n o r m a l i s e d  
a e r o s o l  s c a t t e r i n g  p h a s e  f u n c t i o n ,  a n d  so  F ( y , A )  wa s  
f i r s t  c a l c u l a t e d  f r o m  p r o g r a m  MATRIXLA,  w h i c h  was  
d e s c r i b e d  i n  s e c t i o n  7 ;  t h e  p h a s e  f u n c t i o n  wa s  . 
e v a l u a t e d ,  w i t h  a n  a c c u r a c y  b e t t e r  t h a n  1%,  a t  e a c h  o f  
t h e  w a v e l e n g t h s  A -  3 0 0  ( 2 5 )  8 0 0  nm,  f o r  t h e  a n g l e s  
0 = 0 ( 1 )  15 ( 5 )  90 ( 5 )  165  ( 1 ) . 1 8 0 °
t h e  1 5 °  -  1 6 5 °  v a l u e s  w e r e  i n t e r p o l a t e d  t o  1 °  p o i n t s ,  
a n d  t h e n  p u n c h e d  o n t o  c o m p u t e r  c a r d s .  L i n e a r  
i n t e r p o l a t i o n  was  u s e d  w i t h i n  t h e  c o m p u t e r  p r o g r a m  
whe n  v a l u e s  b e t w e e n  t h e  1°  p o i n t s  w e r e  r e q u i r e d . The  
i n t e g r a t i o n  i n  e q u a t i o n  ( 1 0 7 )  was  p e r f o r m e d  b y  a n  
A l g o l  68 l i b r a r y  p r o c e d u r e  t o  a n  a c c u r a c y  o f  0 . 0 0 1 % .
An e x a m p l e  o f  t h e  n o r m a l i s e d  a e r o s o l  s c a t t e r i n g
p h a s e  f u n c t i o n ,  f o r  A = 5 5 0  nm,  i s  s h o wn  i n  f i g .  4 5 .  The
s c a t t e r i n g  r e a c h e s  a n  i n t e n s e  maxi mum i n  t h e  f o r w a r d  
d i r e c t i o n , a n d  a muc h  s m a l l e r  max i mum i n  t h e  b a c k w a r d  
d i r e c t i o n ;  i f  t h e  n o r m a l i s e d  m o l e c u l a r  s c a t t e r i n g  
p h a s e  f u n c t i o n  w e r e  d r a w n  on  t h e  s a me  s c a l e ,  i t  w o u l d
v a r y  f r o m  10 a t  0 = 0 °  a n d  1 8 0 °  t o  10 a t  0 = 9 0 ° .
9 . 2 . 2  R e s u l t s  o f  s i n g l e - s c a t t e r i n g  c a l c u l a t i o n s
F i r s t l y ,  i t  i s  n e c e s s a r y  t o  i n v e s t i g a t e  t h e
a c c u r a c y  o f  t h e  s i n g l e - s c a t t e r i n g  a p p r o x i m a t i o n ( S S A )
by  c o m p a r i n g  r e s u l t s  f r o m  t h e  SSA m e t h o d  w i t h  m e a s u r e d
v a l u e s  a n d  w i t h  t h e  r e s u l t s  o f  c a l c u l a t i o n s  b a s e d  on
e x a c t  s o l u t i o n s  o f  t h e  R a d i a t i v e  T r a n s f e r  e q u a t i o n
( E R T ) . The  SSA m e t h o d  w i l l  b e  m o s t  a c c u r a t e  wh e n  t h e
o p t i c a l  t h i c k n e s s . o f  t h e  a t m o s p h e r e  i s  s m a l l e s t ,  i . e .
a t  l o n g  w a v e l e n g t h s ,  a n d  whe n  t h e  a t m o s p h e r e  i s  f r e e
f r o m  a e r o s o l .  Th e  r e s u l t s  o f  SSA c a l c u l a t i o n s  f o r  a
m o l e c u l a r  a t m o s p h e r e  a r e  c o m p a r e d ,  i n  f i g .  4 6 ,  w i t h
94t h e  ERT v a l u e s  o f  D e i r m e n d j l a n  ; t h e  c u r v e s  s how t h e  
f r a c t i o n  o f  e x t r a t e r r e s t r i a l  s o l a r  r a d i a t i o n  w h i c h  
r e a c h e s  t h e  g r o u n d  a s  s k y l i g h t  ( I c /H ) .  O z o n e
u  O ’
a b s o r p t i o n  i s  n o t  i n c l u d e d ,  a n d  s o  t h e  d i f f e r e n c e s  
b e t w e e n  t h e  c u r v e s  a r e  d u e  s o l e l y  t o  t h e  d i f f e r e n t  
m e t h o d s  o f  c a l c u l a t i o n .
M u l t i p l e  s c a t t e r i n g  m a k e s  a l a r g e r  c o n t r i b u t i o n  t o  
1^ a t  s h o r t e r  w a v e l e n g t h s ;  t h u s ,  t h e  s i n g l e - s c a t t e r i n g  
a p p r o x i m a t i o n  u n d e r e s t i m a t e s  t h e  s k y l i g h t  i r r a d i a n c e ,  
a n d  t h e  d i f f e r e n c e s  b e t w e e n  t h e  SSA a n d  ERT v a l u e s  
i n c r e a s e  a s  A d e c r e a s e s .  The  SSA c u r v e  w o u l d  b e
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F i g .  46 S k y l i g h t  i r r a d i a n c e :  e x a c t  s o l u t i o n  o f  t h e  
R a d i a t i v e  T r a n s f e r  e q u a t i o n  c o m p a r e d  w i t h  
t h e  s i n g l e - s c a t t e r i n g  a p p r o x i m a t i o n
e x p e c t e d  t o  i n c r e a s e  a s  X d e c r e a s e s ,  b u t ,  i n  f a c t ,  i t  
r e a c h e s  a maxi mum a r o u n d  325  nm w a v e l e n g t h ;  t h i s  f u r t h e r  
e m p h a s i s e s  t h e  i n a d e q u a c y  o f  t h e  SSA m e t h o d  i n  t h e  
u l t r a v i o l e t  r e g i o n .
I n  g e n e r a l ,  t h e  g l o b a l  i r r a d i a n c e  ( I n = I  + I  _)
Or D S
w i l l  b e  m o r e  i m p o r t a n t  t h a n  t h e  s k y l i g h t  i r r a d i a n c e .
The  r e s u l t s  o f  SSA a n d  ERT c a l c u l a t i o n s  f o r  I  i n  t h e  
m o l e c u l a r  a t m o s p h e r e  a r e  c o m p a r e d  i n  f i g .  4 7 ;  t h e  
d i f f e r e n c e s  b e t w e e n  t h e  t wo c u r v e s  a r e  much  s m a l l e r  t h a n  
f o r  s k y l i g h t  a l o n e ,  o w i n g  t o  t h e  a d d i t i o n  o f  d i r e c t  
s u n l i g h t  ( I p ) • ’ At  X = 3 0 0  nm SSA i s  35% b e l o w  t h e  ERT 
v a l u e ,  b u t  t h e  d i f f e r e n c e  d e c r e a s e s  r a p i d l y  w i t h  
i n c r e a s i n g  w a v e l e n g t h ,  a n d  i s  l e s s  t h a n  7% f o r  X > 4 0 0  nm
The  i n f l u e n c e  o f  t h e  a t m o s p h e r i c  a e r o s o l  was  
i n v e s t i g a t e d  by  c a l c u l a t i n g  t h e  s k y l i g h t  i r r a d i a n c e  f o r  
v a r i o u s  a e r o s o l  c o n t e n t s  ( f ^ ) > r a n g i n g  f r o m  f  = 0 ( n o  
a e r o s o l )  t o  f ^  = 1 . 2  ( 1 . 2  x s t a n d a r d  a e r o s o l  c o n t e n t ) .  
I n i t i a l l 3r i t  was  a s s u m e d  t h a t  t h e  c h a n g e s  i n  a e r o s o l  
c o n t e n t  o c c u r r e d  t h r o u g h o u t  t h e  a t m o s p h e r e ;  t h u s  t h e  
c h a n g e  f r o m  f ^  = 1 . 0  t o  f ^  = 1 . 1  w o u l d  r e p r e s e n t  a 10% 
i n c r e a s e  i n  a e r o s o l  a t  a l l  a l t i t u d e s .  Some o f  t h e  
r e s u l t s  a r e  s h o wn  i n  f i g .  4 8 .  At  a l l  w a v e l e n g t h s  t h e  
s k y l i g h t  i r r a d i a n c e  i n c r e a s e s  a s  t h e  a e r o s o l  c o n t e n t  
i n c r e a s e s ;  h o w e v e r ,  e a c h  c u r v e  e x h i b i t s  a ma x i mu m,  a n d  
s o  t h e  l g / H Q v a l u e s  m u s t  b e  c o n s i d e r e d  v e r y  u n r e l i a b l e  
a t  w a v e l e n g t h s  s h o r t e r  t h a n  t h e  w a v e l e n g t h  a t  w h i c h  t h e  
maxi mum o c c u r s .  As t h e  a e r o s o l  c o n t e n t  a n d  o p t i c a l  
t h i c k n e s s  o f  t h e  a t m o s p h e r e  i n c r e a s e ,  t h e  ma x i ma  i n  t h e  
I g / H Q c u r v e s  move  t o  l o n g e r  w a v e l e n g t h s ;  t h i s  i n d i c a t e s  
t h a t  t h e  a c c u r a c y  o f  t h e  S S A m e t h o d  d e c r e a s e s  a s  f ^  i n c r e a s e s
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F i g .  48 S k y l i g h t  i r r a d i a n c e :  t h e  e f f e c t  o f  c h a n g e s
i n  t h e  a e r o s o l  c o n t e n t  o f  t h e  a t m o s p h e r e  ( f ^ )
Th e  f . v a l u e s  a r e  s h o wn  a t  t h e  e n d  o f  e a c h  A
c u r v e  .
P l a s s  e m p l o y e d  a Mo n t e  C a r l o  t e c h n i q u e  t o  o b t a i n  
e x a c t  s o l u t i o n s  o f  t h e  R a d i a t i v e  T r a n s f e r  e q u a t i o n ;  t h e  
f o l l o w i n g  t a b l e  s h o ws  two o f  h i s  r e s u l t s  f o r  I c /H .u O
A f  A P l a s s SSA
4 00 0 . 6 5 0 . 1 3 0 . 1 7
7 00 0 . 5 3 0 . 0 6 6 0 . 0 9 1
T h e  p r e c e d i n g  d i s c u s s i o n  i m p l i e d  t h a t  SSA v a l u e s  w o u l d  
a l w a y s  b e  s m a l l e r  t h a n  ERT ( e . g .  Mo n t e  C a r l o )  v a l u e s  a n d  
t h a t  t h e  a g r e e m e n t  b e t w e e n  t h e  t wo m e t h o d s  w o u l d  b e  
b e t t e r  a t  700  nm w a v e l e n g t h  t h a n  a t  4 0 0  nm;  t h e s e  r e s u l t s  
do n o t  s how t h e  e x p e c t e d  t e n d e n c i e s  b e c a u s e  o f  t h e  
d i f f e r e n c e s  b e t w e e n  t h e  s i z e  d i s t r i b u t i o n s  a n d  v e r t i c a l  
d i s t r i b u t i o n s  o f  a e r o s o l  w h i c h  w e r e  u s e d  i n  t h e  t wo  
m e t h o d s  o f  c a l c u l a t i o n .
91A d i f f e r e n t  t e c h n i q u e  was  u s e d  by  S h e t t l e  , b u t  
h i s  c a l c u l a t i o n s  w e r e  c o n c e r n e d  w i t h  t h e  UV r e g i o n ,  a n d  
do  n o t  i n c l u d e  w a v e l e n g t h s  l o n g e r  t h a n  340  nm.  Some SSA 
v a l u e s  w e r e  c o m p a r e d  w i t h  S h e t t l e ’ s (ERT)  r e s u l t s  a t  
3 4 0  nm,  a n d  w e r e  f o u n d  t o  b e  a p p r o x i m a t e l y  50% s m a l l e r  
t h a n  t h e  ERT f i g u r e s ;  t h e s e  d i s c r e p a n c i e s  a r e  . due  t o  t h e  
i n a c c u r a c y  o f  t h e  SSA m e t h o d  a t  s h o r t  w a v e l e n g t h s .  Th e  
SSA m e t h o d  d o e s  a g r e e  w i t h  S h e t t l e ' s  r e s u l t s  i n  s h o w i n g  
t h a t  I g  i n c r e a s e s  a s  t h e  a e r o s o l  c o n t e n t  i n c r e a s e s .
I t  i s  e v i d e n t  t h a t  m e a n i n g f u l  r e s u l t s  c a n  b e  
o b t a i n e d  f r o m  SSA c a l c u l a t i o n s ;  h o w e v e r ,  g r e a t  c a r e  m u s t  
b e  e x e r c i s e d  whe n  u s i n g  t h e s e  r e s u l t s  b e c a u s e  t h e  SSA 
m e t h o d  i s  i n a c c u r a t e  a t  l a r g e  o p t i c a l  t h i c k n e s s e s .
The  c h a n g e  i n  g l o b a l  r a d i a t i o n  d u e  t o  v a r i a t i o n s  i n
t h e  a e r o s o l  c o n t e n t  d e p e n d s  on  t h e  r e l a t i v e  r a t e s  o f
c h a n g e  o f  I  a n d  I _ ;  I 0 i n c r e a s e s  wh e n  t h e  a e r o s o l  
b D b
c o n t e n t  i n c r e a s e s , b u t  I  d e c r e a s e s .  The  g l o b a l
r a d i a t i o n  ( I  _, /  H ) f o r  f .  = 0 a n d  f  = 1 i s  s h o wn  i n  G o  A A
f i g .  4 9 ,  a n d  t h e  e f f e c t s  o f  s m a l l  c h a n g e s  i n  t h e  a e r o s o l  
c o n t e n t  a r e  s h o wn  i n  f i g .  5 0 ;  v a r i a t i o n s  i n  f  p r o d u c eA
r e l a t i v e l y  s m a l l  c h a n g e s  i n  1 ^ .  The  c u r v e s  i n d i c a t e
t h a t  t h e  g l o b a l  i r r a d i a n c e  d e c r e a s e s  wh e n  t h e  a e r o s o l
c o n t e n t  i n c r e a s e s  ( i . e .  Al  / A f  < 0 a t  a l l  w a v e l e n g t h s ) ;
b  A
t h i s  i s  c o n f i r m e d  by  S h e t t l e ’ s r e s u l t s .  The  m a g n i t u d e
■ " s
o f  A l g / A f ^  i s  g r e a t e s t  a t  s h o r t  w a v e l e n g t h s ;  t h u s ,
i n c r e a s e s  i n  t h e  a e r o s o l  c o n t e n t  c a u s e  a r e d u c t i o n  i n
t h e  p r o p o r t i o n  o f  b l u e  l i g h t ,  a n d  t h e  g l o b a l  r a d i a t i o n
b e c o m e s  m o r e  r e d  i n  c o l o u r .  T h i s  i s  i n  a g r e e m e n t  w i t h
9 6t h e  m e a s u r e m e n t s  by  C o n d i t  ; h e  f o u n d  t h a t  t h e  g l o b a l  
r a d i a t i o n  f r o m  a h a z y  s k y  was  r e d d e r  t h a n  t h e  r a d i a t i o n  
f r o m  a c l e a r  s k y .  I t  c a n  t h e r e f o r e  b e  i n f e r r e d  t h a t  t h e  
UV r a t i o  o f  g l o b a l  r a d i a t i o n  w i l l  a l s o  d e c r e a s e  w h e n  t h e  
a e r o s o l  c o n t e n t  i n c r e a s e s .
When c o m p a r i n g  c a l c u l a t e d  v a l u e s  w i t h  m e a s u r e d  d a t a ,  
i t  i s  p r e f e r a b l e  t o  u s e  a f u n c t i o n  w h i c h  d o e s  n o t  i n v o l v e  
t h e  e x t r a t e r r e s t r i a l  s o l a r  i r r a d i a n c e ;  t h i s  r e q u i r e m e n t  
i s  f u l f i l l e d  by  t h e  r a t i o s  o f  a n y  t wo o f  t h e  t h r e e  
i r r a d i a n c e s  1 ^ ,  I g ,  a n d  1 ^ .  I n  t h i s  SSA t r e a t m e n t ,  t h e  
c a l c u l a t e d  r a t i o s  a r e  i n d e p e n d e n t  o f  t h e  a b s o r p t i o n  
c o e f f i c i e n t s  o f  o z o n e ;  b u t  t h e  m e a s u r e d  r a t i o s  w i l l
c o n t a i n  t h e  e f f e c t s  o f  o z o n e  a b s o r p t i o n .
U s i n g  t h e  r a t i o  I  / I _ ,  t h e  SSA r e s u l t s  f o r  f . = 0
D o  A
a n d  f ^  = 1 a r e  c o m p a r e d ,  i n  f i g .  5 1 ,  w i t h  t h e  v a l u e s
0 . 2
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F i g .  49 G l o b a l  R a d i a t i o n  f o r  t h e  s t a n d a r d  m o d e l  
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F i g .  50 V a r i a t i o n s  i n  g l o b a l  r a d i a t i o n  ( I  /H ) d u e
G  O
t o  c h a n g e s  i n  t h e  a e r o s o l  c o n t e n t  o f  t h e  
a t m o s p h e r e .  The  c u r v e s  A f ^  = - 2 0 %,  +10%,
• +20% c o r r e s p o n d  t o  f  = 0 . 8 ,  1 . 1 ,  1 . 2
m e a s u r e d  by  Kok . At  s h o r t  w a v e l e n g t h s  t h e  c a l c u l a t e d
I c v a l u e s  a r e  t o o  s m a l l ,  t h u s  t h e  r a t i o s  I  / I  a r e  t o o  
o  D G
b i g ;  m o r e o v e r ,  t h e  m e a s u r e d  c u r v e  c o n t a i n s  t h e  e f f e c t s
o f  o z o n e  a b s o r p t i o n  a t  A < 3 3 0  nm.  The  SPDs o f  g l o b a l
r a d i a t i o n  w e r e  c a l c u l a t e d  f o r  f A = 0 a n d  f A -  1 ,  a n d  a r eA A
c o m p a r e d  w i t h  Kok ’ s m e a s u r e d  s p e c t r u m  i n  f i g .  5 2 .  The  
c u r v e s  a r e  s i m i l a r  i n  s h a p e ,  e x c e p t  a t  l o n g  w a v e l e n g t h s  
w h e r e  t h e  m e a s u r e d  SPD c o n t a i n s  a b s o r p t i o n  b a n d s  d u e  t o  
o x y g e n  a n d  w a t e r  v a p o u r ;  a s  e x p e c t e d ,  t h e  m e a s u r e d  
v a l u e s  a r e  g r e a t e r  t h a n  t h e  c a l c u l a t e d  v a l u e s  a t  s h o r t  
w a v e l e n g t h s .
I n  t h e  p r e c e d i n g  d i s c u s s i o n  i t  was  a s s u m e d  t h a t  
c h a n g e s  i n  t h e  a e r o s o l  c o n t e n t  o c c u r r e d  t h r o u g h o u t  t h e  
a t m o s p h e r e ,  a t  a l l  a l t i t u d e s .  I n c r e a s e s  i n  t h e  a e r o s o l  
i n  l i m i t e d -  r e g i o n s  o f ' t h e  a t m o s p h e r e  w e r e  a l s o  
i n v e s t i g a t e d ,  a n d  t h r e e  c a s e s  w e r e  c o n s i d e r e d :
( a )  I n c r e a s e  i n  t h e  l o w e r  t r o p o s p h e r e  ( 0 - 3  km) o n l y .
( b )  I n c r e a s e  i n  t h e  l o w e r  s t r a t o s p h e r e  ( 16  -  22 km) o n l y .
( c )  I n c r e a s e  a t  a l l  a l t i t u d e s ;  t h i s  h a s  a l r e a d y  . b e e n  
d i s c u s s e d ,  b u t  i s  i n c l u d e d  h e r e  f o r  c o m p a r i s o n  w i t h  
( a )  a n d  ( b ) .
The  c a l c u l a t i o n s  w e r e  p e r f o r m e d  f o r  10% a n d  20% i n c r e a s e s  
i n  t h e  t o t a l  a e r o s o l  o p t i c a l  t h i c k n e s s  o f  t h e  s t a n d a r d  
m o d e l  a t m o s p h e r e ;  e . g .  t h e  10% i n c r e a s e  was  a c h i e v e d  i n  
t h r e e  s e p a r a t e  w a y s :
( a )  13% i n c r e a s e  a t  a l l  a l t i t u d e s  i n  t h e  0 - 3  km r e g i o n .
( b )  220% i n c r e a s e  a t  a l l  a l t i t u d e s  i n  t h e  16 -  22 km r e g i o n .
( c )  10% i n c r e a s e  t h r o u g h o u t  t h e  a t m o s p h e r e  ( 0  -  1 0 0  km) . 
I n  e a c h  c a s e  t h e  t o t a l  a e r o s o l  o p t i c a l  t h i c k n e s s
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F i g .  51 1 ^ / 1 ^ :  c o m p a r i s o n  b e t w e e n  m e a s u r e d
v a l u e s  ( Kok)  a n d  c a l c u l a t e d  v a l u e s
w i t h  ( f  = 1)  a n d  w i t h o u t  ( f  = 0)  A A
a e r o s o l  s c a t t e r i n g

i n c r e a s e d  by  10%;  a 20% i n c r e a s e  wa s  o b t a i n e d  by  
d o u b l i n g  t h e s e  f i g u r e s .
Th e  i r r a d i a n c e  o f  d i r e c t  s u n l i g h t  d e p e n d s  o n l y  on 
t h e  t o t a l  o p t i c a l  t h i c k n e s s  o f  t h e  a t m o s p h e r e ,  a n d  s o  1^ 
w i l l  b e  c o n s t a n t  w i t h i n  e a c h  s e t  o f  c a s e s  ( a ) ,  ( b ) , a n d
( c ) . The  s k y l i g h t  a n d  g l o b a l  i r r a d i a n c e s  d e p e n d  on  t h e  
v e r t i c a l  d i s t r i b u t i o n  o f  t h e  a e r o s o l ,  a n d  w i l l ,  
t h e r e f o r e ,  b e  d i f f e r e n t  f o r  ( a ) ,  ( b ) , a n d  ( c ) . The
r e s u l t s  o f  t h i s  s t u d y ,  a r e  s u m m a r i s e d  i n  T a b l e  7 ,  w h i c h  
s h o ws  t h e  d e c r e a s e  i n  g l o b a l  i r r a d i a n c e  ( c o m p a r e d  w i t h  
t h e  v a l u e  o f  I  f o r  t h e  s t a n d a r d  m o d e l  a t m o s p h e r e )  d u e
( j r
t o  10% a n d  20% i n c r e a s e s  i n  t h e  a e r o s o l  c o n t e n t ;  t h e  
c o l u m n s  h e a d e d  TROP,  THRU, a n d  STRT c o r r e s p o n d  t o  c a s e s
( a ) ,  ( c ) , a n d  ( b ) , r e s p e c t i v e l y .
I n  e a c h  c a s e  a n  i n c r e a s e  i n  t h e  t r o p o s p h e r e  (TROP)  
p r o d u c e s  a l a r g e r  d e c r e a s e  i n  I  t h a n  d o e s  a n  i n c r e a s e  
t h r o u g h o u t  t h e  a t m o s p h e r e  ( THRU) . A l a r g e r  d e c r e a s e  i n  
I q i s  p r o d u c e d  b y  a  10% i n c r e a s e  i n  t h e  s t r a t o s p h e r e  
(STRT)  t h a n  by  a 10% THRU o r  10% TROP i n c r e a s e ,  w h i l e  a 
20% STRT i n c r e a s e  p r o d u c e s  a s m a l l e r  d e c r e a s e  i n  I „  t h a n  
a  20% THRU i n c r e a s e  d o e s .  T h e s e  f i g u r e s  s u g g e s t  t h a t  
v a r i a t i o n s  i n  t h e  s t r a t o s p h e r i c  a e r o s o l  c a n  h a v e  a m o r e  
p r o n o u n c e d  e f f e c t  on  g l o b a l  r a d i a t i o n  t h a n  c a n  t h e  
e q u i v a l e n t  v a r i a t i o n s  i n  o t h e r  p a r t s  o f  t h e  a t m o s p h e r e .
T h e s e  d a t a  w e r e  o b t a i n e d  f r o m  SSA c a l c u l a t i o n s ,  a n d  
m u s t  t h e r e f o r e  b e  i n t e r p r e t e d  w i t h  t h e  u t m o s t  c a u t i o n ,  
p a r t i c u l a r l y  a s  t h e  d i f f e r e n c e s  b e t w e e n  t h e  TROP,  THRU,  
a n d  STRT v a l u e s  a r e  so  s m a l l ;  h o w e v e r ,  t h e  c o n s i s t e n c y  
b e t w e e n  t h e  t h r e e  c a s e s ,  a t  b o t h  s h o r t  a n d  l o n g
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w a v e l e n g t h s ,  s u g g e s t s  t h a t  t h e  f i g u r e s  a r e  s u f f i c i e n t l y
r e l i a b l e  t o  b e  u s e d  a s  a q u a l i t a t i v e  i n d i c a t i o n  o f  t h e
e f f e c t s  o f  v a r i a t i o n s  i n  t h e  a t m o s p h e r i c  a e r o s o l .
F i n a l l y ,  t h e  e f f e c t  o f  o z o n e  a b s o r p t i o n  on  t h e  SPD
o f  s k y l i g h t  m u s t  be  m e n t i o n e d .  I t  w i l l  b e  r e c a l l e d  t h a t
t h e  o z o n e  i s  a s s u m e d  t o  b e  c o n c e n t r a t e d  i n  a t h i n  l a y e r
( s . t a n d a r d  t h i c k n e s s  0 . 3 4 7  cm) a t  t h e  t o p  o f  t h e  m o d e l
a t m o s p h e r e .  The  e x t r a t e r r e s t r i a l  s o l a r  r a d i a t i o n  (Hq )
p a s s e s  t h r o u g h  t h e  o z o n e  l a y e r  a n d  e m e r g e s  w i t h
i r r a d i a n c e  Hq . e x p  ( -*d0 ) , w h e r e  d^  i s  t h e  o p t i c a l
t h i c k n e s s  o f  t h e  o z o n e  l a y e r .
The  e x p r e s s i o n s  f o r  c a l c u l a t i n g  t h e  i r r a d i a n c e s  o f
d i r e c t  s u n l i g h t  a n d  s k y l i g h t  may b e  w r i t t e n  a s  f o l l o w s :
f r a c t i o n  o f  i n c i d e n t  r a d i a t i o n  
I n = H . e x p ( - d  ) . (  / )
. t r a n s m i t t e d  t o  b o t t o m  o f  a t m o s p h e r e
f r a c t i o n  o f  i n c i d e n t  r a d i a t i o n  
I  = H . e x p ( ~ d  ) . ( )
& ° u s c a t t e r e d  t o  b o t t o m  o f  a t m o s p h e r e
S u p p o s e  t h a t  t h e  o z o n e  c o n t e n t  o f  t h e  a t m o s p h e r e  c h a n g e s ,
p r o d u c i n g  a c h a n g e  Ad^ i n  t h e  o p t i c a l  t h i c k n e s s  o f  t h e
o z o n e  l a y e r ;  t h e n  i t  f o l l o w s  f r o m  e q u a t i o n  ( 9 3 )  t h a t
A l s Ai d = e x p  ( - Ad  > -  1    ( 1 0 9 )
S D
i . e .  t h e  f r a c t i o n a l  c h a n g e s  i n  I  a n d  I  a r e  i d e n t i c a l .u L)
The  e f f e c t s  o f  c h a n g e s  i n  o z o n e  on 1^  w e r e  d e s c r i b e d  i n  
s e c t i o n  9 . 1 . 3 ,  a n d  i t  i s  t h e r e f o r e  u n n e c e s s a r y  t o  r e p e a t  
t h e  d i s c u s s i o n  h e r e  f o r  I g j  t h e  s ame  c o n s i d e r a t i o n s  a p p l y  
t o  t h e  g l o b a l  i r r a d i a n c e  I n .(j
The  v a l i d i t y  o f  t h i s  t r e a t m e n t  o f  t h e  a t m o s p h e r i c  
o z o n e  c a n  b e  e x a m i n e d  by  m e a n s  o f  t h e  r a t i o  I g / I ^ .
Th e  f o l l o w i n g  t a b l e  s h o ws  v a l u e s  o f  I  / I  , f r o m  S h e t t l e ’ so L)
r e s u l t s ,  f o r  f o u r  o z o n e  c o n t e n t s  ( t ,  i n  c m ) .
\
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The  e x p r e s s i o n s  f o r  I  a n d  I  i n d i c a t e  t h a t  I  / I  d o e su U D 1/
n o t  d e p e n d  on  d ^ ,  a n d  i s  t h e r e f o r e  i n d e p e n d e n t  o f  t h e  
o z o n e  c o n t e n t  o f  t h e  a t m o s p h e r e .  I n  S h e t t l e ’ s 
c a l c u l a t i o n s  t h e  o z o n e  wa s  d i s t r i b u t e d  i n  a r e a l i s t i c  way 
t h r o u g h o u t  t h e  a t m o s p h e r e ;  c o n s e q u e n t l y ,  t h e  v a l u e s  o f  
I g / l D a r e  n o t  i n d e p e n d e n t  o f  t  ( s e e  t a b l e ) . T h i s  
i n d i c a t e s  t h a t  i t  i s  u n s a t i s f a c t o r y  t o  t r e a t  t h e  o z o n e  
a s  a s i n g l e  t h i n  l a y e r  a t  t h e  t o p  o f  t h e  a t m o s p h e r e .
T h e  p r e s e n t  SSA m e t h o d  i s  s o  i n a c c u r a t e  i n  t h e  UV r e g i o n  
. t h a t  t h e  e r r o r s  i n t r o d u c e d  by  t h i s  a p p r o x i m a t e  t r e a t m e n t  
o f  o z o n e  a b s o r p t i o n  a r e  n e g l i g i b l e .
1 0 .
1 0 . 1
MEASUREMENTS OF THE DAYLIGHT SPECTRUM
The  s p e c t r a l  p o w e r  d i s t r i b u t i o n  o f d a y l i g h t  d e p e n d s
on  many c o m p l e x  m e t e o r o l o g i c a l  a nd  a t m o s p h e r i c  f a c t o r s .
I t  i s  i m p o s s i b l e  t o  i n c l u d e  a l l  o f  t h e s e  f a c t o r s  i n  a
t h e o r e t i c a l  s y n t h e s i s  o f  t h e  d a y l i g h t  s p e c t r u m ,  b u t
t h e i r  e f f e c t s  c a n  b e  i n v e s t i g a t e d  by  a n a l y s i n g  l a r g e
n u m b e r s  o f  m e a s u r e d  s p e c t r a  a n d  c o r r e l a t i n g  t h e
o b s e r v e d  f e a t u r e s  i n  t h o s e  s p e c t r a  w i t h  t h e  p r e v a i l i n g
m e t e o r o l o g i c a l  a n d  a t m o s p h e r i c  c o n d i t i o n s .
P r e v i o u s  s t u d i e s  o f  t h e  SPD o f  d a y l i g h t  h a v e  b e e n
97 98d e s c r i b e d  by  T a r r a n t  ’ ; t h e  p r e s e n t  w o r k ,  w h i c h  i s
a c o n t i n u a t i o n  o f  t h i s  r e s e a r c h  a t  t h e  U n i v e r s i t y  o f  
S u r r e y ,  i s  b a s e d  on  m e a s u r e m e n t s  ma de  . d u r i n g  t h e  s p r i n g  
a n d  s umme r  o f  1 9 7 4 .  The  f o l l o w i n g ,  d i s c u s s  i o n  i s  
c o n c e r n e d  p r  i m a r  i l  y. \o i  t h  ' t h e  ' a n a l y  s i  s o f  t h e s e  r e c e n t  
m e a s u r e m e n t s ;  p a r t i c u l a r  a t t e n t i o n  i s  g i v e n  t o  t h e  
u l t r a v i o l e t  r e g i o n  o f  t h e  d a y l i g h t  s p e c t r u m ,  b e c a u s e  
i t  i s  m o r e  v a r i a b l e  t h a n  t h e  v i s i b l e  r e g i o n .  I n  
a d d i t i o n ,  some o f  T a r r a n t ’ s l a t e r  ( 1 9 7 1 )  s p e c t r a  a r e  
r e e x a m i n e d .
A p a p e r  c o n t a i n i n g  a b r i e f  a c c o u n t  o f  t h i s  w o r k
t  hwas  p r e s e n t e d  a t  t h e  18 S e s s i o n  o f  t h e  CI E ;  a c o p y  
o f  t h e  p a p e r  i s  i n c l u d e d  i n  A p p e n d i x  B.
EXPERIMENTAL TECHNIQUE
The  m e a s u r i n g  e q u i p m e n t  a n d  t h e  m e t h o d  o f
p r o c e s s i n g  t h e  d a t a  h a v e  b e e n  d e s c r i b e d  i n  d e t a i l  
97 98e l s e w h e r e  ’ ; t h e  e s s e n t i a l  f e a t u r e s  a r e  o u t l i n e d
b e l o w .
D a y l i g h t  was  a l l o w e d  t o  f a l l  u p o n  a w h i t e  s c r e e n  
w h i c h  was  c o a t e d  w i t h  Ko d a k  E a s t m a n  R e f l e c t a n c e  P a i n t  
a n d  s e t  a t  4 5 °  t o  t h e  v e r t i c a l ,  f a c i n g  e i t h e r  d u e  n o r t h  
o r  d u e  s o u t h .  The  SPD o f  t h e  l i g h t  r e f l e c t e d  f r o m  t h e  
s c r e e n  was  m e a s u r e d  by  a s i n g l e  b e a m s p e c t r o r a d i o m e t e r ; 
t h i s  c o m p r i s e d  a n  O p t i c a  CF4 m o n o c h r o m a t o r  a n d  a n  
EMI 955 8  Q/B p h o t o m u l t i p l i e r .  The  o u t p u t  s i g n a l  was  
me a s u r e d .  b y / ; a d i g i t a l  v o l t m e t e r  a n d  was  r e c o r d e d  on  
p u n c h e d  p a p e r  t a p e .  The  w a v e l e n g t h  r a n g e  3 0 0  -  8 0 0  nm 
was  s c a n n e d  a u t o m a t i c a l l y ,  a n d  t h e  s i g n a l  v o l t a g e  wa s  
r e c o r d e d  a t  e v e r y  1 nm p o i n t ;  t h e  s p e c t r u m  c o u l d  b e  
s c a n n e d  i n  2£ m i n u t e s ,  b u t  a s l o w e r  s p e e d  was  o f t e n  u s e d  
t a k i n g  3 - 4  m i n u t e s .
Th e  a p p a r a t u s  was  c a l i b r a t e d  t h r e e  o r  f o u r  t i m e s  
e a c h  d a y  by  r e c o r d i n g  t h e  s p e c t r u m  o f  a g l a s s  e n v e l o p e  
t u n g s t e n  f i l a m e n t  p r o j e c t o r  l a mp  o p e r a t i n g  a t  t h e  c o l o u r  
t e m p e r a t u r e  o f  S t a n d a r d  I l l u m i n a n t  A; t h i s  l a mp  was  
c a l i b r a t e d  by  c o m p a r i s o n  w i t h  a q u a r t z  wi n d o w t u n g s t e n  
r i b b o n  l a mp  o p e r a t i n g  a t  t h e  s ame  c o l o u r  t e m p e r a t u r e .
The  c a l i b r a t i n g  l a m p s  w e r e  u s e d  i n  c o n j u n c t i o n  w i t h  a 
w h i t e  s c r e e n  c o a t e d  w i t h  R e f l e c t a n c e  P a i n t .
The  1971  a n d  1 9 7 4  s e r i e s  o f  m e a s u r e m e n t s  w e r e  ma d e  
a t  t h e  p r e m i s e s  o f  t h e  B r i t i s h  A i r c r a f t  C o r p o r a t i o n ,  a t  
W e y b r i d g e ,  S u r r e y .  The  m e a s u r i n g  s i t e  i s  30 km t o  t h e  
s o u t h - w e s t  o f  c e n t r a l  L o n d o n ,  a t  l a t i t u d e  5 1 . 3 5 ° N  a n d  
l o n g i t u d e  0 . 4 7 ° W .  I n  t h e  i m m e d i a t e  v i c i n i t y  o f  t h e  
a p p a r a t u s  t h e  g r o u n d  was  c o l o u r e d  d a r k  g r e y ,  a n d  b e y o n d  
a d i s t a n c e  o f  a b o u t  10 m t h e  s u r f a c e  was  c o v e r e d  w i t h  
g r a s s .  The  e a s t e r n  s k y  was  o b s c u r e d  up t o  1 0 °  a b o v e  t h e
h o r i z o n ' ,  by  t r e e s  i n  t h e  s o u t h - e a s t  q u a d r a n t ,  a n d  by  
l i g h t - c o l o u r e d  b u i l d i n g s  i n  t h e  n o r t h - e a s t ;  t h e  w e s t e r n  
s k y  was  c l e a r  t o  w i t h i n  3 °  o f  t h e  h o r i z o n ,  w h e r e  i t  was  
o b s c u r e d  by  d i s t a n t  t r e e s  a n d  b u i l d i n g s .
U s i n g  a c o m p u t e r ,  e a c h  s e t  o f  5 0 0  v a l u e s  was  
c o n v e r t e d  i n t o  a r e l a t i v e  s p e c t r a l  p o w e r  d i s t r i b u t i o n ,  
D ( A ) ;  t h i s  i s  d e f i n e d  a s
1 0 0 ( p o w e r  a t  w a v e l e n g t h  A)
D(A)  =     ( 1 1 0 )
p o w e r  a t  A = 5 60 nm
Th u s  e a c h  SPD i s  n o r m a l i s e d  t o  100  u n i t s  r e l a t i v e  p o w e r
a t  560  nm.  F r o m t h e s e  1 nm v a l u e s ,  t h e  c h r o m a t i c i t y
c o o r d i n a t e s  o f  e a c h  SPD w e r e  c a l c u l a t e d  u s i n g  t h e  1931
2°  CIE d a t a  ( t h e  m e t h o d  o f  c a l c u l a t i o n • i s  d e s c r i b e d  i n
r e f .  9 9 ) .  F i n a l l y ,  t h e  1 nm SPD v a l u e s  w e r e
" a g g l o m e r a t e d "  i n t o  10 nm b l o c k s ;  e . g .  t h e  4 5 0  nm b l o c k ,
D ( 4 5 ) ,  was  o b t a i n e d  f r o m
D (4 5)  = |  D (44 5)  + ZD( 446  ^  A 4 5 4 )  + £ D( 4 5 5 )  . . .  ( I l l )
The  10 nm b l o c k s  a r e  a l s o  n o r m a l i s e d ;  D ( 5 6 )  = 1 0 0 .
The  e f f e c t  o f  " a g g l o m e r a t i o n "  i s  i l l u s t r a t e d  i n  f i g s .  5 3 a  
a n d  5 3 b ;  f i g .  5 3 a  s h o ws  a 1 nm s p e c t r u m ,  w h i l e  f i g .  53b  
s h o ws  t h e  s a me  s p e c t r u m  i n  t h e  f o r m  o f  10 nm b l o c k s .
The  10 nm s p e c t r u m  i s  muc h  l e s s  c o m p l e x ,  a n d  i s  t h e r e f o r e  
e a s i e r  t o  a n a l y s e .
B e f o r e  t h e  197 4  s e r i e s  o f  m e a s u r e m e n t s  was  s t a r t e d ,  
a new p h o t o m u l t i p l i e r  (EMI 9 5 5 8  Q/ B)  w i t h  g r e a t e r  
s e n s i t i v i t y  i n  t h e  UV r e g i o n  was  i n s t a l l e d .  W i t h  t h i s  
i m p r o v e m e n t ,  t h e  s p e c t r o r a d i o m e t e r  c o u l d  d e t e c t  r a d i a t i o n  
a t  295 nm i n  t h e  d a y l i g h t  s p e c t r u m ,  a n d  a t  285 nm wh e n  
m e a s u r i n g  t h e  s p e c t r u m  o f  t h e  q u a r t z  w i n d o w t u n g s t e n
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Fig- .  53b D a y l i g h t  s p e c t r u m  r e p r e s e n t e d  a s  1.0 nm b l o c k s
r i b b o n  l a m p ;  t h e  a p p a r a t u s  was  c o r r e s p o n d i n g l y  l e s s  
s e n s i t i v e  a t  l o n g e r  w a v e l e n g t h s ,  a n d  so m o s t  o f  t h e  
1 9 7 4  s p e c t r a  a r e  u n r e l i a b l e  f o r  X > 700 nm.
A new e n e r g y  c a l i b r a t i o n  was  o b t a i n e d  f o r  t h e  
p r o j e c t o r  l a m p ,  by  c o m p a r i n g  i t  w i t h  a r e c e n t l y  
c a l i b r a t e d  t u n g s t e n  r i b b o n  l a m p ;  t h e  o n l y  s i g n i f i c a n t  
d i f f e r e n c e s  b e t w e e n  t h e  new a n d  o l d  c a l i b r a t i o n s  w e r e  
i n  t h e  UV r e g i o n ,  w h e r e  t h e  o l d  v a l u e s  w e r e  t o o  h i g h .  
At  t h e  t i m e  o f  t h e  1 971  m e a s u r e m e n t s ,  T a r r a n t  e x p r e s s e d  
d o u b t s  a b o u t  t h e  a c c u r a c y  o f  t h e  UV e n e r g i e s ;  
c o n s e q u e n t l y ,  s ome  o f  t h e  1 971  SPDs h a v e  b e e n  «. 
r e c a l c u l a t e d  u s i n g  t h e  new c a l i b r a t i o n  f i g u r e s .  N o t e  
t h a t  t he '  o l d  e n e r g i e s  h a v e  b e e n  u s e d  i n  f i g s .  54 a n d  
61 -  6 4 ;  t h e  o t h e r  1971  SPDs w h i c h  a r e  m e n t i o n e d  i n  
t h e  f o l l o w i n g  d i s c u s s i o n  h a v e  b e e n  r e c a l c u l a t e d .
1 0 . 2  ANALYSIS OF MEASURED SPECTRA
• When a t t e m p t i n g  t o  d i s c o v e r  hox? a p a r t i c u l a r  
v a r i a b l e  f a c t o r  ( e . g .  t h e  s o l a r  z e n i t h  a n g l e )  a f f e c t s  
t h e  SPD o f  d a y l i g h t ,  t h e  m a i n  p r o b l e m  i s  t o  o b t a i n  a 
s e r i e s  o f  s p e c t r a  i n  w h i c h  o n l y  t h a t  p a r t i c u l a r  
v a r i a b l e  c h a n g e s ;  t h i s  i s  d i f f i c u l t  b e c a u s e  o t h e r  
i n d e p e n d e n t  f a c t o r s  ( e . g .  c l o u d )  v a r y  a t  t h e -  s a me  t i m e .  
Day t o  d a y  v a r i a t i o n s  i n  t h e  a t m o s p h e r e  c a n  b e  a v o i d e d  
by  o n l y  c o m p a r i n g  s p e c t r a  w h i c h  h a v e  b e e n  m e a s u r e d  on  
t h e  s ame  d a y .
The  t h e o r e t i c a l  s t u d i e s  i n  s e c t i o n  9 i n d i c a t e d  
t h a t  c h a n g e s  i n  t h e  SPD o f  d i r e c t  s u n l i g h t  w e r e  m o r e  
d i r e c t l y  r e l a t e d  t o  v . a r r a t i o n s  i n  t h e  o p t i c a l  
p r o p e r t i e s  o f  t h e  a t m o s p h e r e  t h a n  w e r e  c h a n g e s  i n  t h e
SPD o f  . s k y l i g h t .  F o r  t h i s  r e a s o n  m o s t  o f  t h e  1974  
s p e c t r a  w e r e  r e c o r d e d  w i t h  t h e  r e c e i v i n g  s c r e e n  f a c i n g  
s o u t h  ( " s o u t h - f a c i n g "  s p e c t r a ) . When t h e  s u n  i s  a l m o s t  
d u e  s o u t h ,  a n d  s u n l i g h t  f r o m  a c l o u d l e s s  s k y  i s  f a l l i n g  
u p o n  t h e  s c r e e n  a t  n e a r - n o r m a l  i n c i d e n c e ,  t h e  SPD o f  
s o u t h - f a c i n g  d a y l i g h t  w i l l  b e  s i m i l a r  t o  t h e  SPD o f  
d i r e c t  s u n l i g h t ,  e s p e c i a l l y  a t  t h e  l o n g e r  w a v e l e n g t h s ;  
n o r t h - f a c i n g  d a y l i g h t  f r o m  a c l o u d l e s s  s k y  w i l l  be  
s i m i l a r  t o  s k y l i g h t ,  p r o v i d e d  t h a t  s u n l i g h t  i s  n o t  
f a l l i n g  u p o n  t h e  s c r e e n .  A q u a l i t a t i v e  i l l u s t r a t i o n  o f  
t h e  m a j o r  d i f f e r e n c e s  b e t w e e n  n o r t h - f a c i n g  a n d  s o u t h -  
f a c i n g  SPDs i s  p r o v i d e d  i n  f i g .  5 4 ;  n o r t h - f a c i n g  
d a y l i g h t  c o n t a i n s  m o r e  e n e r g y  a t  s h o r t e r  w a v e l e n g t h s ,  
a n d  i s  t h e r e f o r e  " b l u e r "  t h a n  s o u t h - f a c i n g  d a y l i g h t .
The  a n a l y s i s  c a n  b e  s i m p l i f i e d  b y  u s i n g  s i n g l e
p a r a m e t e r s  t o  c h a r a c t e r i s e  p a r t i c u l a r  r e g i o n s  o f  t h e
s p e c t r u m ;  t wo "UV r a t i o s "  w e r e  d e f i n e d  t o  r e p r e s e n t  t h e
u l t r a v i o l e t  r e g i o n .
ED( 3 0 0  ^ A ^ 3 9 9 )
LNGUV = —............................................   ( 1 1 2 )
ED( 3 0 0  «  A < 6 9 9 )
ED( 3 0 0  £ A ^ 3 2 9 )
SHTUV = ...............................................    ( 1 1 3 )
ED( 3 0 0  ^  A iC 699 )
The  LNGUV r a t i o  i n d i c a t e s  w h a t  p r o p o r t i o n  o f  t h e  t o t a l
d a y l i g h t  r a d i a t i o n  ( 3 0 0  < A ^  699 nm) i s  c o n t a i n e d  i n
t h e  u l t r a v i o l e t  r e g i o n  o f  t h e  s p e c t r u m  (A ^  399  n m ) ; t h e
SHTUV r a t i o  r e p r e s e n t s  t h e  f r a c t i o n  o f  b i o l o g i c a l l y
a c t i v e  UV r a d i a t i o n  i n  d a y l i g h t .
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1 0 . 2 . 1  S o l a r  z e n i t h  a n g l e
The  s o l a r  z e n i t h  a n g l e  ( z )  a n d  t h e  r e l a t i v e  a i r  
m a s s  (m = s e c ( z ) )  w e r e  c a l c u l a t e d  f o r  e a c h  d a y l i g h t  
s p e c t r u m .  The  s p e c t r a  r e c o r d e d  on  t h r e e  d a y s  d u r i n g  
t h e  1974  s e r i e s  o f  m e a s u r e m e n t s  w e r e  s e l e c t e d  f o r  t h e  
a n a l y s i s  o f  s o u t h - f a c i n g  d a y l i g h t .  On t h e s e  d a y s  
. ( 1 4 / 0 5 / 7 4 ,  3 0 / 0 5 / 7 4 ,  a n d  0 4 / 0 6 / 7 4 )  c o n d i t i o n s  w e r e
r e l a t i v e l y  s t a b l e ;  l e s s  t h a n  4 / 1 0  o f  t h e  s k y  was  
c o v e r e d  w i t h  t h i c k  c l o u d ,  b u t  t h e r e  w e r e  v a r i a b l e  
a m o u n t s  o f  t h i n  c l o u d .  The  e f f e c t s  o f  c h a n g e s  i n  t h e  
c l o u d  d i s t r i b u t i o n  w e r e  e l i m i n a t e d  by  c o n s i d e r i n g  
o n l y  t h o s e  s p e c t r a  w h i c h  w e r e  r e c o r d e d  wh e n  t h e  a r e a  
o f  t h e  s k y  a r o u n d  t h e  s u n  was  f r e e  f r o m  t h i c k  c l o u d  
a n d  t h e  s u n  was  s h i n i n g  b r i g h t l y  ( s o m e t i m e s  t h r o u g h  
t h i n  c l o u d )  w i t h  s u n l i g h t  f a l l i n g  u p o n  t h e  r e c e i v i n g  
s c r e e n .
The  SHTUV a n d  LNGUV r a t i o s  a r e  s h o wn  a s  f u n c t i o n s  
o f  m i n  f i g s .  55 a n d  56 ( t h e  r a n g e  1 . 1  m ^  1 . 5 2 5  
c o r r e s p o n d s  t o  2 5 °  ^ z  4  4 9 ° ) ;  i n  e v e r y  c a s e  . t he  
p r o p o r t i o n  o f  UV r a d i a t i o n  d e c r e a s e s  a s  m i n c r e a s e s . : 
The  LNGUV r a t i o s  may b e  c o m p a r e d  w i t h  t h e  c a l c u l a t e d  
!,UV r a t i o "  c u r v e  f o r  d i r e c t  s u n l i g h t  i n  f i g .  41 
( s e c t i o n  9 . 1 . 2 ) .  The  LNGUV r a t i o  i n c l u d e s  b o t h  
s u n l i g h t  a n d  s k y l i g h t ,  a n d  t h u s  i t  h a s  a h i g h e r  v a l u e  
t h a n  t h e  c a l c u l a t e d  r a t i o .  As m i n c r e a s e s ,  s k y l i g h t  
p a r t i a l l y  c o m p e n s a t e s  f o r  t h e  r e d u c t i o n  i n  s u n l i g h t ;  
t h u s ,  f o r  a g i v e n  c h a n g e  i n  m,  t h e  ( m e a s u r e d )  LNGUV 
r a t i o  v a r i e s  l e s s  t h a n  t h e  c a l c u l a t e d  r a t i o  d o e s .
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F i g .  5 6  V a r i a t i o n  o f  LNGUV r a t i o  w i t h  a i r
m a s s  ( m ) ,  f o r  s o u t h - f a c i n g  s p e c t r a
A c l o s e  e x a m i n a t i o n  o f  f i g s .  55 a n d  56 r e v e a l s  t h a t  
t h e  d e p e n d e n c e  o f  t h e  SHTUV a n d  LNGUV r a t i o s  o n  ra w o u l d  
b e  b e s t  r e p r e s e n t e d  by  a s h a l l o w  c u r v e ;  t h i s  i s  m o s t  
a p p a r e n t  i n  t h e  d a t a  o f  0 4 / 0 6 / 7 4 .  H o w e v e r ,  t h e  p o i n t s  
f a l l  s o  c l o s e l y  a b o u t  a s t r a i g h t  l i n e  t h a t ,  f o r  a l l  
p r a c t i c a l  p u r p o s e s ,  a l i n e a r  r e l a t i o n  b e t w e e n  m a n d  t h e  
SHTUV a n d  LNGUV r a t i o s  c a n  b e  a s s u m e d .  By d r a w i n g  t h e  
" b e s t "  s t r a i g h t  l i n e  on  e a c h  d i a g r a m ,  t h e  m e a s u r e d  d a t a  
c a n  b e  r e p r o d u c e d  t o  w i t h i n  ±2%.  I t  s h o u l d  b e  n o t e d  
t h a t  t h i s  l i n e a r  r e l a t i o n  i s  a p p l i c a b l e  o n l y  t o  t h e  
p a r t i c u l a r  c o n d i t i o n s  ( e . g .  c l o u d  d i s t r i b u t i o n )  a n d  
r a n g e  o f  v a l u e s  o f  m d e s c r i b e d  a b o v e .  The  s c . a t t . e r  o f  
t h e  p o i n t s  i n  f i g s .  55 a n d  56 c a n  b e  a t t r i b u t e d  t o  s m a l l  
v a r i a t i o n s  i n  t h e  t h i c k n e s s  a n d  d i s t r i b u t i o n  o f  c l o u d .
The  v a r i a t i o n  o f  i n d i v i d u a l  w a v e l e n g t h s ,  D ( X ) ,
( 1 0  nm b l o c k s )  was  a l s o  i n v e s t i g a t e d ;  t h e  d a t a  f r o m  
0 4 / 0 6 / 7  4 w e r e  u s e d  f o r  t h i s  p u r p o s e  b e c a u s e  m o r e  s p e c t r a  
w e r e  a v a i l a b l e  f r o m  t h a t  d a y  t h a n  f r o m  t h e  o t h e r  d a y s  . 
The  d e p e n d e n c e  o f  n i n e  w a v e l e n g t h s  on  m i s  s h o w n - i n  
f i g s .  57 -  5 9 .  At  w a v e l e n g t h s  s h o r t e r  t h a n  5 6 0  nm,  D(X)  
i n c r e a s e s  a s  m d e c r e a s e s ,  a n d  a t  X > 560  nm,  D(A)  
d e c r e a s e s  a s  m d e c r e a s e s ;  t h i s  i s  b e c a u s e  t h e  s p e c t r a  
a r e  n o r m a l i s e d  a t  560  nm.  A f u r t h e r  e f f e c t  o f  
n o r m a l i s a t i o n  i s  t h a t  w a v e l e n g t h s  n e a r  t o  560  nm 
( e . g .  500  nm,  6 0 0  nm) s how a s m a l l e r  v a r i a t i o n  w i t h  m 
t h a n  do w a v e l e n g t h s  a t  t h e  e n d s  o f  t h e  s p e c t r a l  r a n g e .
The  t h e o r e t i c a l  s t u d i e s  ( s e c t i o n  9 . 1 )  i n d i c a t e d  
t h a t  l o g ( I D) ( t h e  d i r e c t  s u n l i g h t  i r r a d i a n c e )  wa s  a 
l i n e a r  f u n c t i o n  o f  m.  To d i s c o v e r  w h e t h e r  a s i m i l a r
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F i g .  59 V a r i a t i o n  o f  R e l a t i v e  P o w e r  w i t h  a i r  m a s s  
( s o u t h - f a c i n g  s p e c t r a ,  on  0 4 / 0 6 / 7 4 )
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F i g .  6 0  V a r i a t i o n  o f  l o g ( r e l a t i v e  p o w e r )  w i t h  a i r  m a s s
( s o u t h - f a c i n g  s p e c t r a ,  o n  0 4 / 0 6 / 7 4 )
r e l a t i o n  m i g h t  a p p l y  t o  s o u t h - f a c i n g  d a y l i g h t ,  t h e  v a l u e s  
o f  l o g ( D )  w e r e  c a l c u l a t e d ;  t h e  r e s u l t s  a t  4 0 0  nm a nd  
7 0 0  nm a r e  s h o wn  i n  f i g .  6 0 .  A s t r a i g h t  l i n e  c a n  b e  
f i t t e d  t o  t h e  p o i n t s ,  a l t h o u g h  t h e  s c a t t e r  m a k e s  t h i s  
r a t h e r  d i f f i c u l t  f o r  A = 700  nm.  I t  i s  q u e s t i o n a b l e  
w h e t h e r  t h e  r e l a t i o n  b e t w e e n  l o g ( D )  a n d  m i s  a n y  m o r e  
l i n e a r  t h a n  t h a t  b e t w e e n  D(A)  a n d  m; i n  f a c t ,  a t  s h o r t  
w a v e l e n g t h s  ( e . g .  3 1 0  nm) a l i n e a r  r e l a t i o n  b e t w e e n  D(A)  
a n d  m i s  p r o b a b l y  q u i t e  a d e q u a t e .
A s i m i l a r  a n a l y s i s  wa s  p e r f o r m e d  f o r  n o r t h - f a c i n g
98d a y l i g h t ,  u s i n g  some o f  t h e  s p e c t r a  r e c o r d e d  b y  T a r r a n t  
on  1 6 / 0 8 / 7 1 ;  t h e  s k y  was  l e s s  t h a n  2 / 1 0  c o v e r e d  w i t h  
t h i c k  c l o u d ,  a n d  s u n l i g h t  was  f a l l i n g  u p o n  t h e  r e c e i v i n g  
s c r e e n  a t  7 8 °  -  8 1 °  t o  t h e . n o r m a l .  The  r e s u l t s  a r e  
s u m m a r i s e d  i n  f i g s .  61 -  6 3 ; . t h e  r a n g e  1 . 6  ^ m ^ 2 . 6  
c o r r e s p o n d s  t o  5 1 °  4 z  4  6 7 ° .
The  SHTUV a n d  LNGUV r a t i o s  a r e  s h o wn  a s  f u n c t i o n s  
o f  m i n  f i g s .  6 1 a  a n d  6 1 b ;  t h e  p r o p o r t i o n  o f  u l t r a v i o l e t  
r a d i a t i o n  i n c r e a s e s  a s  m d e c r e a s e s .  T h e r e  i s  no- s i m p l e  
r e l a t i o n  b e t w e e n  t h e  r a t i o s  a n d  m,  a l t h o u g h  t h e  r e g i o n  
f r o m  m = 2 . 0  t o  in ~ 2 . 6  i s  a p p r o x i m a t e l y  l i n e a r ,  
e s p e c i a l l y  i n  t h e  LNGUV c u r v e .  T h r e e  i n d i v i d u a l  D(A)
( 1 0  nm b l o c k )  c u r v e s  a r e  s h o wn  i n  f i g .  6 2 ;  a t w a v e l e n g t h s  
l e s s  t h a n  560  nm t h e  r e l a t i v e  p o w e r  d e c r e a s e s  a s  m 
i n c r e a s e s ,  a n d  a t  A > 560  nm t h e  r e l a t i v e  p o w e r  i n c r e a s e s  
a s  m i n c r e a s e s .  The  l o g ( r e l a t i v e  p o w e r )  a s  a f u n c t i o n  
o f  m i s  s h o wn  i n  f i g .  63 ;  a l i n e a r  r e l a t i o n  i s  a d e q u a t e ,  
a t  l e a s t  i n  t h e  r e g i o n  2 . 0  < m < 2 . 6 .
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F i g .  6 1 b  V a r i a t i o n  o f  t h e  LNGUV r a t i o  w i t h  a i r
m a s s  ( m ) , f o r  n o r t h - f a c i n g  s p e c t r a
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62 V a r i a t i o n  o f  R e l a t i v e  P o w e r  w i t h  a i r  m a s s
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6 3  V a r i a t i o n  o f  l o g ( r e l a t i v e  p o w e r )  w i t h  a i r  m a s s
( n o r t h - f a c i n g ’ s p e c t r a ,  o n  1 6 / 0 8 / 7 1 )
T h u s , wh e n  t h e  s k y  i s  r e l a t i v e l y  c l o u d l e s s ,  a n d  
s u n l i g h t  i s  f a l l i n g  on  t h e  r e c e i v i n g  s c r e e n ,  a c h a n g e  
i n  m h a s  q u a l i t a t i v e l y  s i m i l a r  e f f e c t s  on b o t h  n o r t h -  
f a c i n g  a n d  s o u t h - f a c i n g  s p e c t r a .  The  SHTUV a n d  LNGUV 
r a t i o s  o f  n o r t h - f a c i n g  d a y l i g h t  a r e  h i g h e r  t h a n  t h o s e  
o f  s o u t h - f a c i n g  d a y l i g h t ,  a n d  t h e y  v a r y  m o r e  f o r  a 
g i v e n  c h a n g e  i n  m.  Some SPDs o f  t h e  d a y l i g h t  f r o m  a 
c l o u d y  s k y  w e r e  a l s o  a n a l y s e d ;  t h e  d e p e n d e n c e  o n  m o f  
t h e  SHTUV a n d  LNGUV r a t i o s  a n d  t h e  i n d i v i d u a l  
w a v e l e n g t h s  was  s i m i l a r  t o  t h a t  w h i c h  o c c u r r e d  i n  
d a y l i g h t  f r o m  t h e  c l o u d l e s s  s k y .
1 0 . 2 . 2 Th e  e f f e c t  o f  C l o u d s
Of  a l l  t h e  f a c t o r s  w h i c h  a f f e c t  t h e  SPD o f
d a y l i g h t ,  c l o u d  i s  t h e  m o s t  o b v i o u s ,  a n d  y e t  i t  i s  t h e
97m o s t  d i f f i c u l t  t o  a n a l y s e .  T a r r a n t  i n d i c a t e d  t h a t  
t h e  p o s i t i o n  o f  t h e  c l o u d s  r e l a t i v e  t o  t h e  a p p a r a t u s  
was  o f  p r i m e  i m p o r t a n c e  i n  d e t e r m i n i n g  t h e  SPD;  
h o w e v e r ,  t h e r e  i s  no s i m p l e  m e t h o d  o f  d e s c r i b i n g  t h e  
a m o u n t  o f  c l o u d  a n d  i t s  d i s t r i b u t i o n  i n  t h e  s k y .
A q u a n t i t a t i v e  i n d i c a t i o n  o f  t h e  e f f e c t  o f  c l o u d s  
c a n  b e  o b t a i n e d  by  c o m p a r i n g  SPDs w h i c h  h a v e  b e e n  
m e a s u r e d  u n d e r  d i f f e r e n t  c l o u d  c o n d i t i o n s  b u t  w i t h i n  a 
s h o r t  p e r i o d  o f  t i m e ,  s o  t h a t  m i s  p r a c t i c a l l y  t h e  s ame  
f o r  e a c h  s p e c t r u m .  S u c h  c o n d i t i o n s  do n o t  o f t e n  o c c u r ,  
a n d  s o  t h e  f o l l o w i n g  d i s c u s s i o n  i s  m a i n l y  q u a l i t a t i v e .
A f u r t h e r  p r o b l e m  a r i s e s  d u r i n g  t h e  m e a s u r e m e n t  
o f  s p e c t r a .  I t  i s  n o t  a l w a y s  p o s s i b l e  t o  v i s u a l l y  
d e t e c t  c h a n g e s  i n  t h e  c l o u d  c o v e r ,  p a r t i c u l a r l y  wh e n  
t h e  s k y  i s  u n i f o r m l y  o v e r c a s t  o r  wh e n  t h i n  c l o u d  i s
p r e s e n t - ;  t h u s  t h e r e  may b e  s i g n i f i c a n t  d i f f e r e n c e s  
b e t w e e n  SPDs w h i c h  w e r e  m e a s u r e d  u n d e r  a p p a r e n t l y  
i d e n t i c a l  c o n d i t i o n s .  T h i s  i s  t h e  m a i n  r e a s o n  t h a t  t h e  
p o i n t s  i n  f i g s . 57 -  63 a r e  s c a t t e r e d ,  i n  s t e a d  o f  l y i n g  
on  s m o o t h  c u r v e s .
I n  t h e  p r e s e n c e  o f  c l o u d ,  t h e  SPD o f  d a y l i g h t  
d e p e n d s  on  t h e  r e l a t i v e  m a g n i t u d e s  o f  t h e  c o n t r i b u t i o n s  
f r o m  s u n l i g h t  ( i f  t h e  s u n  i s  s h i n i n g ) ,  l i g h t  f r o m  t h e  
c l o u d s ,  a n d  l i g h t  f r o m  a n y  c l o u d l e s s  p a r t s  o f  t h e  s k y .
The  t wo e x t r e m e s  o f  c l o u d  c o v e r  a r e  m o s t  e a s i l y  a n a l y s e d :
( a )  s m a l l  a m o u n t s  o f  c l o u d ,  < 4 / 1 0
( b )  l a r g e  a m o u n t s  o f  c l o u d ,  > 8 / 1 0
When t h e r e  a r e  l a r g e  a m o u n t s  o f  c l o u d  a n d  t h e  s u n  
i s  o b s c u r e d ,  t h e  SPDs o f  n o r t h - f a c i n g  a n d  s o u t h - f a c i n g  
d a y l i g h t  a r e  v e r y  s i m i l a r .  Two s p e c t r a  f r o m  t h e  1971  
m e a s u r e m e n t s  a r e  c o m p a r e d  i n  f i g .  6 4 ;  t h e y  w e r e  r e c o r d e d  
w i t h i n  a 15 m i n u t e  t i m e  i n t e r v a l  (m = 1 . 7 5  t o  m = 1 . 8 5 )  
wh e n  t h e  s k y  was  t o t a l l y  o v e r c a s t .  T h e r e  a r e  s m a l l  
d i f f e r e n c e s  b e t w e e n  t h e  c u r v e s ,  p a r t i c u l a r l y  t o w a r d s  t h e  
r e d  e n d  o f  t h e  s p e c t r u m .  The  d i a g r a m  i s  s l i g h t l y  
m i s l e a d i n g  i n  t h e  3 5 0  -  4 5 0  nm r e g i o n ;  h e r e  t h e  SPDs 
d i f f e r  by  l e s s  t h a n  1%.  The  SHTUV r a t i o s  d i f f e r  by  l e s s  
t h a n  3%,  a n d  t h e  LNGUV r a t i o s  by  l e s s  t h a n  0 . 1 % .  T h u s ,  
t h i c k  c l o u d  m i x e s  t o g e t h e r  t h e  s u n l i g h t  a n d  s k y l i g h t  
w h i c h  f a l l  u p o n  i t ,  a n d  b e h a v e s  a s  a u n i f o r m  d i f f u s e r .
The  p r o p o r t i o n  o f  UV r a d i a t i o n  i n  n o r t h - f a c i n g  
d a y l i g h t  f r o m  a c l e a r  s k y  i s  g r e a t e r  t h a n  t h a t  i n  t h e  
d a y l i g h t  f r o m  a n  o v e r c a s t  s k y , ,  b u t  i t  i s  s l i g h t l y  
r e d u c e d  i f  s u n l i g h t  i s  f a l l i n g  u p o n  t h e  r e c e i v i n g  s c r e e n .
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E v e n  wh e n  t h e  a m o u n t  o f  c l o u d  i s  s m a l l , c h a n g e s  i n  t h e  
d i s t r i b u t i o n  o f  b r i g h t  c l o u d  i n  t h e  n o r t h e r n  s k y  w i l l  
h a v e  a s i g n i f i c a n t  e f f e c t  on  t h e  SPD o f  n o r t h - f a c i n g  
d a y l i g h t ;  t h i s  may be  p a r t l y  r e s p o n s i b l e  f o r  t h e  s c a t t e r  
o f  t h e  p o i n t s  i n  f i g s .  61 -  6 3 .
S u n l i g h t  i s  t h e  m o s t  i n t e n s e  c o m p o n e n t  o f  s o u t h -  
f a c i n g  d a y l i g h t .  The  p r o p o r t i o n  o f  UV r a d i a t i o n  i s  
s m a l l e r  a n d  t h e  d a y l i g h t  i s  " r e d d e r "  wh e n  t h e  s u n  i s  
s h i n i n g  t h r o u g h  t h i n  c l o u d  t h a n  wh e n  t h e  -sky i s  
c l o u d l e s s .  Th e  e f f e c t s  o f  t h i c k  c l o u d  a r e  i n d i c a t e d  i n  
f i g .  65 ;  t h e  t h r e e  SPDs s h o wn  w e r e  m e a s u r e d  on  t h e  s a me  
d a y .  The  " s u n  s h i n i n g  ( 3 / 1 0  c l o u d ) "  s p e c t r u m  was  
r e c o r d e d  i n  t h e  m o r n i n g  (m = 1 . 4 2 ) ,  a n d  t h e  " 8 / 1 0  c l o u d "  
s p e c t r a  w e r e  r e c o r d e d  w i t h i n  a 10 m i n u t e  p e r i o d  ( m = 1 . 4 2  
a n d  m = 1 . 4 5 )  i n  t h e  a f t e r n o o n .  The  t wo " s u n  s h i n i n g "  
c u r v e s  a r e  s i m i l a r ;  t h e  SHTUV r a t i o s  d i f f e r  by  17% a n d  
t h e  LNGUV r a t i o s  b y  8%.  Thus  i t  may b e  c o n c l u d e d  t h a t  
wh e n  t h e  s u n  i s  s h i n i n g  a n d  t h e r e  i s  no c l o u d  v e r y  c l o s e  
t o  t h e  s u n ,  t h e  SPD o f  s o u t h - f a c i n g  d a y l i g h t  i s  
r e l a t i v e l y  i n s e n s i t i v e  t o  t h e  a m o u n t  o f  c l o u d  i n  t h e  s k y
i . e .  t h e  d i s t r i b u t i o n  o f  c l o u d  i s  mo r e  i m p o r t a n t  t h a n  
t h e  q u a n t i t y .  The  " 8 / 1 0  c l o u d "  c u r v e s  show t h e  e f f e c t  
o f  a c h a n g e  i n  t h e  d i s t r i b u t i o n ,  b u t  n o t  i n  t h e  a m o u n t ,  
o f  c l o u d .  T h e r e  was  a l a r g e  i n c r e a s e  i n  t h e  p r o p o r t i o n  
o f  s h o r t - w a v e l e n g t h  r a d i a t i o n  ( t h e  l i g h t  b e c a m e  " b l u e r " )  
wh e n  t h e  s u n  was  o b s c u r e d ;  t h e  SHTUV r a t i o  i n c r e a s e d  by  
100%,  a n d  t h e  LNGUV r a t i o  i n c r e a s e d  by  60%.  Th e  " s u n  
o b s c u r e d  ( 8 / 1 0  ' i l o u d ) "  SPD i s  s i m i l a r  t o  t h e  SPD o f  
l i g h t  f r o m  t h e  o v e r c a s t  s k y ,  b u t  i t  i s  s i g n i f i c a n t l y

" b l u e r " ;  h o w e v e r ,  no SPDs f r o m  t h e  o v e r c a s t  s k y  w e r e  
o b t a i n e d  on  t h i s  p a r t i c u l a r  d a y ,  a n d  s o  t h e  c o m p a r i s o n  
may n o t  b e  v a l i d .
The  e f f e c t s  o f  c l o u d  on  t h e  p r o p o r t i o n  o f  UV 
r a d i a t i o n  i n  d a y l i g h t  may b e  s u m m a r i s e d  a s  f o l l o w s :
d e c r e a s i n g  
p r o p o r t i o n  
o f  UV 
r a d i a t i o n
N o r t h - f a c i n g ,  c l o u d l e s s  s k y  
N o r t h -  a n d  s o u t h - f a c i n g ,  o v e r c a s t  s k y  
S o u t h - f a c i n g ,  c l o u d l e s s  s k y  
V" S o u t h - f a c i n g ,  t h i n  c l o u d
F o r  a m o r e  d e t a i l e d  a c c o u n t  o f  t h e  e f f e c t s  o f  c l o u d  on
u l t r a v i o l e t  w a v e l e n g t h s ,  t h e  r e a d e r  i s  r e f e r r e d  t o
_ 1 0 0  B e n e r
The  r e c e n t  m e a s u r e m e n t s  i n d i c a t e  t h a t  t h e
p r o p o r t i o n  o f  b l u e - g r e e n  ( 4 0 0  ^ A < 5 6 0  nm) l i g h t  v a r i e s
i n  a s i m i l a r  w a y ;  wh e n  t h e  p r o p o r t i o n  o f  UV r a d i a t i o n
i n c r e a s e s ,  t h e  p r o p o r t i o n  o f  b l u e - g r e e n  l i g h t  a l s o
. 96i n c r e a s e s .  H o w e v e r ,  C o n d i t  f o u n d  t h a t  d a y l i g h t  f r o m  a 
c l o u d l e s s  s k y  c o n t a i n e d  l e s s  UV e n e r g y ,  b u t  m o r e  b l u e -  
g r e e n  l i g h t  t h a n  d i d  d a y l i g h t  f r o m  t h e  o v e r c a s t  s k y .  
T h e s e  d i s c r e p a n c i e s  a t  4 0 0  A < 5 6 0  nm may b e  d u e  t o  
t h e  e x p e r i m e n t a l  a r r a n g e m e n t  u s e d  by  C o n d i t ;  t h e  
r e c e i v i n g  s c r e e n  f a c e d  t h e  s u n  i n  a z i m u t h ,  a n d  i t s  p l a n e  
wa s  i n c l i n e d  a t  1 5 °  t o  t h e  v e r t i c a l .
I n  g e n e r a l ,  t h e  1971  a n d  197 4  m e a s u r e m e n t s  c o n f i r m  
T a r r a n t ’ s e a r l i e r  w o r k ;  t h e r e  i s  no  s i m p l e  q u a n t i t a t i v e  
r e l a t i o n  b e t w e e n  t h e  SPD o f  d a y l i g h t  a n d  t h e  a m o u n t  o f  
c l o u d  a n d  i t s  d i s t r i b u t i o n  i n  t h e  s k y .
1 0 . 2 . 3  O z o n e ’ a b s o r p t i o n
The  a b s o r p t i o n  o f  UV r a d i a t i o n  by  a t m o s p h e r i c  
o z o n e  d o m i n a t e s  t h e  d a y l i g h t  s p e c t r u m  i n  t h e  r e g i o n  
X < 330  nm.  The  r e l a t i o n  b e t w e e n  t h e  o z o n e  c o n t e n t  o f  
t h e  a t m o s p h e r e  a n d  t h e  p o w e r  i n  t h i s  r e g i o n  o f  t h e  
s p e c t r u m  was  i n v e s t i g a t e d  u s i n g  t h e  SHTUV r a t i o .  
A t m o s p h e r i c  o z o n e  d a t a  w e r e  o b t a i n e d  f r o m  t h e  
M e t e o r o l o g i c a l  O f f i c e ,  - bu t  o n l y  o n e  v a l u e  o f  t h e  o z o n e  
c o n t e n t  was  a v a i l a b l e  f o r  e a c h  d a y ;  t h u s  i t  wa s  
n e c e s s a r y  t o  ma k e  c o m p a r i s o n s  b e t w e e n  SPDs w h i c h  h a d  
b e e n  m e a s u r e d  on  d i f f e r e n t  d a y s .
D a t e Oz o n e SHTUV C o n d i t i o n s
0 8 / 0 5 / 7 4 0 . 4 2 0 0 . 0 1 0 1 8 / 1 0  t h i c k  c l o u d
1 4 / 0 5 / 7 4 0 . 3 7  9 0 . 0 1 2 1 3 / 1 0  t h i c k  c l o u d
3 0 / 0 5 / 7 . 4 0 . 3 7 6 0 . 0 1 2 3 3 / 1 0  t h i c k  c l o u d
0 4 / 0 6 / 7 4 0 . 3 5 2 0 . 0 1 1 6 t h i n  c l o u d
T h i s  t a b l e  s h o ws  t h e  SHTUV r a t i o  a t  m = 1 . 2 5  a n d  t h e  
o z o n e  c o n t e n t  o f  t h e  a t m o s p h e r e  ( i n  cm a t  STP)  on  f o u r  
d a y s ;  a l l  o f  t h e  SHTUV r a t i o s  w e r e  d e r i v e d  f r o m  SPDs 
r e c o r d e d  wh e n  t h e  s u n  was  s h i n i n g .
I f  a l l  o t h e r  f a c t o r s  r e m a i n e d  c o n s t a n t ,  t h e  SHTUV 
r a t i o  w o u l d  i n c r e a s e  a s  t h e  o z o n e  c o n t e n t  d e c r e a s e d .  
The  f i r s t  t h r e e  d a y s ’ f i g u r e s  show t h e  e x p e c t e d  
v a r i a t i o n ,  a l t h o u g h  t h e  d i f f e r e n c e s  b e t w e e n  1 4 / 0 5 / 7 4  
a n d  3 0 / 0 5 / 7 4  a r e  t o o  s m a l l  t o  b e  s i g n i f i c a n t .  T h e r e  
i s  a c o m p a r a t i v e l y  l a r g e  c h a n g e  i n  t h e  o z o n e  c o n t e n t  
b e t w e e n  0 8 / 0 5 / 7 4  a n d  1 4 / 0 5 / 7 4 ,  a n d  a c o r r e s p o n d i n g l y
l a r g e  c h a n g e  i n  t h e  SHTUV r a t i o ;  h o w e v e r ,  t h i s  v a r i a t i o n  
c o u l d  b e  d u e  t o  t h e  d i f f e r e n t  a m o u n t s  o f  c l o u d .  The  
d a t a  f o r  0 4 / 0 6 / 7 4  s how t h e  e x p e c t e d  t r e n d  w h e n  c o m p a r e d  
w i t h  0 8 / 0 5 / 7 4 ,  b u t  n o t  wh e n  c o m p a r e d  w i t h  1 4 / 0 5 / 7 4  o r  
3 0 / 0 5 / 7 4 ;  b u t  a g a i n  t h e r e  w e r e  s i g n i f i c a n t  d i f f e r e n c e s  
b e t w e e n  t h e  c l o u d  c o v e r  a t  t h e  t i m e s  o f  m e a s u r e m e n t .
An i n v e s t i g a t i o n  o f  t h e  i n d i v i d u a l  w a v e l e n g t h s  3 1 0  nm 
a n d  3 2 0  nm y i e l d e d  s i m i l a r  r e s u l t s .
F r o m t h i s  b r i e f  s t u d y  i t  i s  e v i d e n t  t h a t  v a r i a t i o n s  
i n  t h e  o z o n e  c o n t e n t  o f  t h e  a t m o s p h e r e  may p r o d u c e  
m e a s u r a b l e  c h a n g e s  . i n  t h e  p r o p o r t i o n  o f  s h o r t - w a v e l e n g t h  
UV r a d i a t i o n ;  h o w e v e r ,  o t h e r  v a r i a b l e  f a c t o r s ,  s u c h  a s  
c l o u d ,  c a n  p r o d u c e  c h a n g e s  o f  s i m i l a r  o r  g r e a t e r  
m a g n i t u d e .  •
1 0 . 3  THE COLOUR OF DAYLIGHT
The  c o l o u r  o f  e a c h  d a y l i g h t  s p e c t r u m  wa s  e x p r e s s e d  
i n  t e r m s  o f  t h e  c h r o m a t i c i t y  c o o r d i n a t e s  x ,  y ,  a n d  z 
( x  + y + z = 1 ) ,  a n d  t h e  c o r r e l a t e d  c o l o u r  t e m p e r a t u r e
(CCT)  wa s  c a l c u l a t e d  f r o m  t h e  i s o t e m p e r a t u r e  l i n e s
. 101  . p u b l i s h e d  by  K e l l y  ; t h e  CCT i s  o f t e n  e x p r e s s e d  m
t h e  f o r m  1 0 ^ / T ,  i n  m i r e d s  ( m i c r o  r e c i p r o c a l  d e g r e e s ) .
The  c h r o m a t i c i t y  c o o r d i n a t e s  o f  t h e  SPDs m e a s u r e d
i n  1 9 7 4  a r e  s h o wn  i n  f i g .  6 6 .  Mo s t  o f  t h e  p o i n t s  l i e
w i t h i n  a n a r r o w  z o n e  w h i c h  i s  p a r a l l e l  t o  t h e  P l a n c k i a n
l o c u s ,  a n d  a s m a l l  d i s t a n c e  awa y  f r o m  i t ;  a s i m i l a r
d i s t r i b u t i o n  o f  c h r o m a t i c i t y  c o o r d i n a t e s  was  o b t a i n e d
102by  T a r r a n t ,  a n d  by  o t h e r  w o r k e r s  , b u t  m  e a c h  c a s e  
t h e  z o n e  c o n t a i n i n g  t h e  p o i n t s  was  a t  a d i f f e r e n t
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d i s t a n c e  f r o m  t h e  P l a n c k i a n  l o c u s .  A l l  b u t  t h r e e  o f  t h e '  
1 9 7 4  m e a s u r e m e n t s  w e r e  o f  s o u t h - f a c i n g  d a y l i g h t ,  y e t  t h e  
p o i n t s  i n  f i g .  66 c o v e r  a w i d e  r a n g e  o f  CCTs .  The  
h i g h e s t  CCT ( 1 4 7  m i r e d )  was  o b t a i n e d  wh e n  t h e  s u n  was  
o b s c u r e d  by  a t h i c k  c l o u d ;  t h i s  p a r t i c u l a r  SPD wa s  
d i s c u s s e d  e a r l i e r ,  i n  s e c t i o n  1 0 . 2 . 2 .  The  1 6 0  -  170  
m i r e d  p o i n t s  r e p r e s e n t  t h e  t h r e e  n o r t h - f a c i n g  S P Ds ,  a n d  
s o u t h - f a c i n g  SPDs f r o m  t h e  o v e r c a s t  s k y ;  t h e  1 9 0  -  200  
m i r e d  p o i n t s  c o r r e s p o n d  t o  h a z y  s u n s h i n e  w i t h  t h e  s u n  
v e r y  l ow i n  t h e  s k y .  The  r e m a i n i n g  p o i n t s  
( 1 7 0  -  1 9 0  m i r e d )  a r e  d e r i v e d  f r o m  SPDs w h i c h  w e r e  
m e a s u r e d  wh e n  t h e  s u n  was  s h i n i n g  a n d  t h e r e  w e r e  
v a r i a b l e  a m o u n t s  o f  t h i c k  and" t h i n  c l o u d  i n  t h e  s k y .
The  c h r o m a t i c i t y  c o o r d i n a t e s  o f  d a y l i g h t  a r e  a s
v a r i a b l e  a s  t h e  SPD f r o m  w h i c h  t h e y  w e r e  d e r i v e d .  The
p o i n t s  i n  f i g .  67 r e p r e s e n t  SPDs w h i c h  w e r e  r e c o r d e d
wh e n  l e s s  t h a n  3 / 1 0  o f  t h e  s k y  was  c o v e r e d  w i t h  t h i c k
c l o u d ,  a n d  wh e n  1 . 1  < m < 1 . 3  ( 2 5 °  < z < 4 0 ° ) ;  a l t h o u g h
t h e s e  SPDs w e r e  m e a s u r e d  u n d e r  a p p a r e n t l y  s i m i l a r
c o n d i t i o n s ,  t h e i r  c h r o m a t i c i t y  c o o r d i n a t e s '  c o v e r  a
r e l a t i v e l y  w i d e  r a n g e  o f  v a l u e s .  A d e t a i l e d  a n a l y s i s  o f
t h e  f a c t o r s  w h i c h  a f f e c t  t h e  c o l o u r  o f  d a y l i g h t  h a s  b e e n
97p r e s e n t e d  by  T a r r a n t
To s ome  e x t e n t ,  t h e  v i s i b l e  r e g i o n  o f  a d a y l i g h t  
s p e c t r u m  c a n  b e  c h a r a c t e r i s e d  by  t h e  CCT.  C o m p a r i s o n s  
w e r e  ma de  b e t w e e n  SPDs w h o s e  c h r o m a t i c i t y  c o o r d i n a t e s  
d i f f e r e d  by  l e s s  t h a n  0 . 0 0 0 4 ;  o n e  s u c h  g r o u p  o f  s p e c t r a ,  
w h i c h  w e r e  m e a s u r e d  on  d i f f e r e n t  d a y s  i n  1 9 7 4 ,  i s  s h o wn  
i n  T a b l e  8 .  The  v a l u e s  l i s t e d  u n d e r  D l ,  D2,  a n d  D3 a r e
P l a n c k i a n  L o c u s
0 . 3 4 2 '
178
0 . 3 3 8 -
176
174
172
0 . 3 3 4
0 . 3 2 60 . 3 2 2 0 . 3 3 0
x
F i g .  67 The  c h r o m a t i c i t y  c o o r d i n a t e s  o f  s o u t h - f a c i n g  
d a y l i g h t  w i t h  l e s s  t h a n  3 / 1 0  c l o u d  c o v e r ,  f o r
1 . 1  < m < 1 . 3 .  The  l o c u s  o f  P l a n c k i a n  ( b l a c k  
b o d y )  r a d i a t o r s  i s  s h o w n ,  w i t h  c o l o u r  
t e m p e r a t u r e s  e x p r e s s e d  i n  m i r e d s .
T a b l e  8
SPDs w i t h  s i m i l a r  c h r o m a t i c i t y  c o o r d i n a t e s
A Dl D2 D3
300 0 . 2 ' 0 . 1 0 . 4
320 1 6 . 2 1 6 . 3 1 7 . 1
340 3 2 . 7 3 3 . 4 3 3 . 7
3 6 0 3 7 . 0 3 7 . 2 3 7 . 9
3 8 0 4 3 . 6 4 3 . 6 4 4 . 7
4 0 0 6 7 . 0 6 6 . 9 6 7 . 7
4 2 0 v 8 2 . 1 8 2 . 1 8 2 . 7
4 4 0 9 3 . 0 9 3 . 6 9 3 . 0
4 6 0 105 . 8 1 0 6 . 8 1 0 6 . 1
4 8 0 1 0 7 . 4 1 0 9 . 2 108 . 6
500 1 0 2 . 6 104 . 9 104 . 0
520 9 7 . 3 9 9 . 8 98 . 4
540 102  . 8 103  .7 1 0 3 . 3
5 6 0 1 0 0 .  0 1 0 0 . 0 1 0 0 . 0
580 9 9 . 0 9 8 . 2 9 9 . 0
600 9 5 . 4 9 6 . 7 9 6 . 0
620 9 1 . 2 9 3 . 5 9 1 . 7
640 9 0 . 1 9 2 . 3 9 0 . 1
660 8 5 . 1 8 7 . 1 8 5 . 6
680 8 5 . 4 8 8 . 7 8 5 . 6
700 7 9 . 9 8 1 . 8 8 0 . 0
X 0 . 3 2 7 6 0 . 3 2 7 3 0 . 3 2 7 3
y 0 . 3 4 0 1 0 . 3 4 0 0 0 . 3 4 0 3
t h e  r e l a t i v e  p o w e r  i n  a 10 nm w a v e b a n d ;  f o r  b r e v i t y ,  t h e  
SPDs a r e  s h o wn  a t  20 nm ' i n t e r v a l s . T h e s e  t h r e e  s p e c t r a  
d i f f e r  by  no  mo r e  t h a n  4% t h r o u g h o u t  t h e  v i s i b l e  r e g i o n ,  
a n d  t h e  a g r e e m e n t  b e t w e e n  t h e  UV f i g u r e s  i s  s u r p r i s i n g l y  
g o o d .  I n  g e n e r a l ,  SPDs w i t h  s i m i l a r  c h r o m a t i c i t y  
c o o r d i n a t e s  a g r e e d  t o  w i t h i n  5% i n  t h e  w a v e l e n g t h  r a n g e  
4 0 0  -  7 0 0  nm,  w h i l e  s p e c t r a  w h i c h  h a d  b e e n  m e a s u r e d  u n d e r  
s i m i l a r  c o n d i t i o n s  d i f f e r e d  by  l e s s  t h a n  3%.
Th e  c a l c u l a t i o n  o f  c h r o m a t i c i t y  c o o r d i n a t e s  i n v o l v e s  
t h e  s p e c t r a l  r a n g e  3 6 0  -  7 6 0  nm;  t h u s ,  f r o m  a 
m a t h e m a t i c a l  p o i n t  o f  v i e w ,  t h e  UV r e g i o n  o f  t h e  s p e c t r u m  
i s  n o t  c l o s e l y  r e l a t e d  t o  t h e  CCT.  I n  f a c t ,  a n  a p p r o x i m a t e  
r e l a t i o n s h i p  d o e s  e x i s t ;  t h i s  i s  d e m o n s t r a t e d  i n  f i g .  68,  
w h i c h  s h o ws  t h e  LNGUV r a t i o  a n d  t h e  CCT f o r  a l l  t h e  SPDs 
m e a s u r e d  i n  1971  a n d  1 9 7 4 .  W i t h i n  t h i s  r a n g e  o f  CCTs 
t h e  LNGUV r a t i o  i s  a l i n e a r  f u n c t i o n  o f  t h e  CCT;  85% o f  
t h e  p o i n t s  i n  f i g .  68 c a n  b e  r e p r e s e n t e d  b y  a n  e q u a t i o n  
o f  t h e  f o r m
LNGUV = ( - a . C C T  + b)  ± 0 . 0 0 8     ( 1 1 4 )
w h e r e  a a n d  b a r e  c o n s t a n t s ;  i . e .  t h e  LNGUV r a t i o  c a n  b e  
c a l c u l a t e d  f r o m  t h e  CCT t o  w i t h i n  j; 0 . 0 0 8 .  T h e  p o i n t s  
w h i c h  a r e  a t  l a r g e  d i s t a n c e s  f r o m  t h e  m a i n  b a n d  
c o r r e s p o n d  t o  SPDs w h i c h  w e r e  m e a s u r e d  wh e n  t h e r e  wa s  
b r o k e n  c l o u d  i n  t h e  s k y ;  t h e  s c a t t e r  o f  t h e s e  p o i n t s
s u g g e s t s  t h a t  t h e  SPD may h a v e  c h a n g e d  w h i l e  t h e  s p e c t r u m
103 . .was  b e i n g  r e c o r d e d .  H e n d e r s o n  ma d e  a s i m i l a r  s t u d y ;
t h e  SPDs w h i c h  h e  m e a s u r e d  c o v e r e d  a w i d e r  r a n g e  o f  CCTs
t h a n  i s  s h o wn  i n  f i g .  6 8 ,  a n d  t h e  p r o p o r t i o n  o f  UV
r a d i a t i o n  was  r e l a t e d  t o  t h e  CCT by  a c u r v e ,  r a t h e r  t h a n
a s t r a i g h t  1 i n e .
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69 Th e  SHTUV r a t i o  a s  a. f u n c t i o n  o f  t h e  C o r r e l a t e d  
C o l o u r  T e m p e r a t u r e
The  SHTUV r a t i o s  o f  t h e  1971  a n d  197 4  s p e c t r a  a r e
s hown  a s  a f u n c t i o n . o f  t h e  CCT i n  f i g .  6 9 ;  a t r e n d
s i m i l a r  t o  t h a t  i n  f i g .  68 i s  e v i d e n t ,  b u t  t h e  p o i n t s
a r e  s c a t t e r e d  m o r e  w i d e l y .  T h u s ,  g i v e n  t h e  CCT o f  a
d a y l i g h t  s p e c t r u m ,  t h e  LNGUV r a t i o  c a n  be  p r e d i c t e d
m o r e  a c c u r a t e l y  t h a n  c a n  t h e  SHTUV r a t i o .
The  c l a s s i f i c a t i o n  o f  s p e c t r a  a c c o r d i n g  t o  t h e i r
CCTs p r o v i d e s  a c o n v e n i e n t  way o f  r e d u c i n g  m e a s u r e d
d a t a ,  a n d  t h u s  f a c i l i t a t e s  c o m p a r i s o n s  w i t h  t h e  r e s u l t s
o b t a i n e d  by  o t h e r  r e s e a r c h e r s .  The  p r o c e d u r e  a d o p t e d  
104by  Wi n c h  was  a p p l i e d  t o  t h e  1971  a n d  197 4  d a t a ;  t h e  
s p e c t r a  w e r e  s o r t e d  i n t o  10 m i r e d  g r o u p s ,  a n d  t h e  me a n  
SPD o f  e a c h  g r o u p  was  c a l c u l a t e d .  The  g r o u p s  a r e  s h o wn  
i n  T a b l e  9 ,  a n d  t h e  me a n  SPDs a r e  l i s t e d  i n  A p p e n d i x  C. 
Two e x a m p l e s  o f  me a n  SPDs f r o m  t h e  1974  m e a s u r e m e n t s  
a r e  s h o wn  i n  f i g .  7 0 .
1 0 . 4  ’SPDs FOR STANDARD DAYLIGHT
I n  1 9 6 3  t h e  CIE r e c o m m e n d e d  t h a t  s t a n d a r d  s p e c t r a l
d i s t r i b u t i o n s  s h o u l d  b e  d e v e l o p e d  t o  r e p r e s e n t  v a r i o u s
p h a s e s  o f  d a y l i g h t .  D i s t r i b u t i o n s  w i t h  CCTs o f  4 8 0 0  K,
5 5 0 0  K,  6 5 0 0  K,  7 5 0 0  K,  a n d  1 0 0 0 0  K w e r e  f i n a l l y  a d o p t e d ,
o f  w h i c h  6 5 0 0  K i s  t h e  m o s t  i m p o r t a n t ;  i t  i s  r e p r e s e n t e d
by t h e  s y m b o l  T h e s e  d i s t r i b u t i o n s  w e r e  b a s e d  on
105t h e  w o r k  by  J u d d  ; h e  a p p l i e d  t h e  m e t h o d  o f
C h a r a c t e r i s t i c  V e c t o r  A n a l y s i s  t o  a l a r g e  n u m b e r  o f
d a y l i g h t  s p e c t r a  w h i c h  h a d  b e e n  m e a s u r e d  i n  E n g l a n d  a n d
N o r t h  A m e r i c a ,  a n d  t h u s  o b t a i n e d  " R e c o n s t i t u t e d
D a y l i g h t "  (RD) w i t h  t h e  r e q u i r e d  c o l o u r  t e m p e r a t u r e s .
102( F o r  f u r t h e r  d e t a i l s ,  s e e  H e n d e r s o n  c h a p t e r  1 3 . )
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The  p u b l i c a t i o n  o f  s t a n d a r d  d i s t r i b u t i o n s
p r o m p t e d  m e a s u r e m e n t s  o f  d a y l i g h t  i n  o t h e r  c o u n t r i e s ;
t h e  p u r p o s e  o f  t h e s e  i n v e s t i g a t i o n s  was  t o  d i s c o v e r
w h e t h e r  t h e  CIE d a y l i g h t s  w e r e  r e p r e s e n t a t i v e  o f
a v e r a g e  o r  t y p i c a l  d a y l i g h t  t h r o u g h o u t  t h e  w o r l d .
The  m o s t  e x t e n s i v e  s e r i e s  o f  m e a s u r e m e n t s  w e r e
p e r f o r m e d  by  W i n c h ^ ^  i n  S o u t h  A f r i c a ,  by  S a s t r i ^ ^ ^ ’^ ^
97 .m  I n d i a ,  a n d  by  T a r r a n t  m  E n g l a n d .  The  me a n  
( o r  RD) d i s t r i b u t i o n s  a t  t h e  s t a n d a r d  CCTs o b t a i n e d  
i n  e a c h  o f  t h e s e  i n v e s t i g a t i o n s  h a v e  b e e n  l i s t e d  by  
H e n d e r s o n  ( r e f .  102  p .  1 8 1 ) .  The  me a n  SPD d e r i v e d  
f r o m  T a r r a n t ' s  1 971  m e a s u r e m e n t s  i s  shox^n i n  f i g .  7 1 ,  
a n d  t h e  me a n  SPD f r o m  t h e  p r e s e n t  ( 1 9 7 4 )  s t u d i e s  i s  
s h o wn  i n  f i g .  7 2 .
I t  s h o u l d  b e  n o t e d  t h a t  t wo m e t h o d s  h a v e  b e e n  
u s e d  t o  o b t a i n  s t a n d a r d  s p e c t r a l  d i s t r i b u t i o n s  o f  
d a y l i g h t ;  J u d d  a n d  S a s t r i  e m p l o y e d  C h a r a c t e r i s t i c  
V e c t o r  A n a l y s i s ,  w h i l e  a l l  t h e  o t h e r  i n v e s t i g a t o r s  
s i m p l y '  t o o k  t h e  a v e r a g e  o f  s p e c t r a  w h o s e  CCTs l a y  
w i t h i n  a g i v e n  r a n g e .  S a s t r i ^ ^ ^  c o m p a r e d  r e s u l t s  
o b t a i n e d  by  t h e  t wo m e t h o d s ,  a n d  c o n c l u d e d  t h a t  t h e  
a g r e e m e n t  b e t w e e n  t h e m  wa s  q u i t e  g o o d ;  h i s  c u r v e s  f o r  
6 5 0 0  K i n d i c a t e  t h a t  t h e  me a n  v a l u e s  a r e  a b o u t  5% 
h i g h e r  t h a n  t h e  RD f i g u r e s  t h r o u g h o u t  t h e  v i s i b l e  
r e g i o n  o f  t h e  s p e c t r u m .
1 0 . 4 . 1  The  v i s i b l e  r e g i o n  o f  S t a n d a r d  d a y l i g h t  ( 4 0 0 - ^  A ^ 7 0 0  nm) 
Th e  s t a n d a r d  d i s t r i b u t i o n s  f o r  6 5 0 0  K o b t a i n e d  
by  J u d d  ( D5 5 q o ^ » W i n c h ,  a n d - T a r r a n t  a g r e e  t o  w i t h i n  5% 
o v e r  t h e  r a n g e  4 3 0  4 \  4  700  nm ( s e e  f i g .  7 1 ) ;  a t
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X < 4 3 0  nm T a r r a n t ’ s c u r v e  d i f f e r s  f r o m  by  l e s s6 5 0 0  J
t h a n  7%,  w h i l e  W i n c h ’ s v a l u e s  a r e  muc h  h i g h e r  t h a n  
^ 6 5 0 0  h i g h e r  a t  4 0 0  n m ) . S a s t r i ’ s f i g u r e s  f o r
6 5 0 0  K a r e  a t  l e a s t  10% h i g h e r  t h a n  D ^ qq t h r o u g h o u t  
m o s t  o f  t h e  v i s i b l e  r e g i o n ,  e x c e p t  a t  5 2 0  X 5 8 0  
a n d  a t  o n e  o r  tx^o i n d i v i d u a l  w a v e l e n g t h s ;  t h e s e  
d i s c r e p a i i c i e s  h a v e  y e t  t o  b e  s a t i s f a c t o r i l y  e x p l a i n e d .  
H e n d e r s o n ’ s s t a n d a r d  c u r v e  f o r  6 5 0 0  K a g r e e s  x^e l l  w i t h  
^ 6 5 0 0 ’ t o  b e e x p e c t e d . ,  b e c a u s e  i s  b a s e d
on  ma ny  o f  t h e  SPDs m e a s u r e d  by  H e n d e r s o n .
A c o m p a r i s o n  o f  s t a n d a r d  d i s t r i b u t i o n s  f o r  5 5 0 0  K 
p r o d u c e d  s i m i l a r  r e s u l t s  ( s e e  f i g .  7 2 ) ;  a g a i n  S a s t r i ’ s 
f i g u r e s  d i f f e r  s i g n i f i c a n t l y  f r o m  t h o s e  o f  t h e  o t h e r  
r e s e a r c h e r s .  I t  may b e  w o r t h  n o t i n g  t h a t  f o r  s ome  o f  
S a s t r i ’ s s p e c t r a  d a y l i g h t  wa s  r e f l e c t e d  d i r e c t l y  i n t o  
t h e  m e a s u r i n g  e q u i p m e n t  f r o m  a n  a l u m i n i s e d  m i r r o r ,  
x c i t h o u t  t h e  u s e  o f  a d i f f u s i n g  s c r e e n ;  a l l  t h e  o t h e r  
i n v e s t i g a t o r s  e m p l o y e d  a d i f f u s i n g  s u r f a c e  t o  r e c e i v e  
t h e  d a y l i g h t .
I t  may b e  c o n c l u d e d  t h a t  f o r  e n g i n e e r i n g  p u r p o s e s ,  
a n d  f o r  a n y  o t h e r  a p p l i c a t i o n s  w h e r e  a n  a c c u r a c y  
g r e a t e r  t h a n  5% i s  n o t  r e q u i r e d ,  t h e  CIE s t a n d a r d  
d i s t r i b u t i o n s  a r e  a d e q u a t e  a s  a w o r l d - w i d e  s t a n d a r d  i n  
t h e  v i s i b l e  r e g i o n  o f  t h e  s p e c t r u m .
1 0 . 4 . 2  The  u l t r a v i o l e t  r e g i o n  o f  S t a n d a r d  d a y l i g h t s  (X-^ 399 nm) 
The  UV e n e r g i e s  o f  s t a n d a r d  d a y l i g h t s  a t  6 5 0 0  K 
a n d  5 5 0 0  K a r e  l i s t e d  i n  T a b l e  1 0 .  A l l  o f  t h e  
m e a s u r e d  v a l u e s  (W, S,  T,  a n d  B) a r e  h i g h e r  t h a n  t h e  
CIE ( J )  f i g u r e s ,  a l t h o u g h  t h e  U n i v e r s i t y  o f  S u r r e y
T a b l e  10
Th e  U l t r a v i o l e t  r e g i o n  o f  S t a n d a r d  D a y l i g h t
CCT 650 0 K
A J W S T
30 0 0 . 0 3 . 1 . 3 0 . 2
310 3 . 3 1 2 . 6 * 8 . 1
3 2 0 2 0 . 2 3 7 . 2 2 4 . 8
3 3 0 3 7 . 1 6 3 . 0 4 4 . 4
3 4 0 4 0 . 0 • 6 4 . 4 4 9 . 4 4 5 . 1
350 4 5 . 0 6 3 . 1 5 1 . 4 4 9 . 9
3 6 0 4 6 . 7 6 3 . 0 5 2 . 1 4 9 . 2
3 7 0 5 2 . 2 7 7 . 6 7 0 . 6 5 9 . 0
3 8 0 5 0 .  0 7 2 . 8 7 4 . 6 5 6 . 6
390 5 4 . 7 7 4 . 2 • 6 3 . 3 5 5 . 9
CCT 5 5 0 0 K
A J W S B
3 0 0 0 .  02 0 . 3 0 . 2
3 1 0 2 . 1 3 . 9 4 . 8
320 1 1 .  2 1 4 . 5 1 4 . 4
330 2 0 . 7 26 . 5 2 7 . 1
340 24 . 0 3 0 . 6 3 5 . 4 3 0 . 1
350 2 7 . 9 3 5 . 4 3 6 . 1 3 2 . 6
3 6 0 3 0 . 7 3 8 . 7  ' 38 . 4 3 4 . 2
370 3 4 . 4 48 . 6 5 4 . 0 4 1 . 2
3 80 3 2 . 6 4 7 . 4 57 . 7 4 0 .  2
390 38 . 2 5 1 . 0 4 9 . 6 4 1 . 4
J  -  J u d d  ( R D ) , W -  W i n c h ,  S S a s t r i  ( R D ) ,
T -  T a r r a n t  197 1  ( 6 3 0 0  K ) , B -  B r o c k  1974  ( 5 5 3 0  K)
d a t a  (T a n d  B) a r e  c l o s e r  t o  J u d d ’ s r e s u l t s  t h a n  a r e  
t h e  v a l u e s  o b t a i n e d  by  Wi n c h  a n d  S a s t r i ;  i f  T a r r a n t ’ s 
s p e c t r u m  h a d  a CCT o f  6 5 0 0  K,  t h e  UV e n e r g i e s  w o u l d  
p r o b a b l y  b e  g r e a t e r .
The  h i g h  v a l u e s  o b t a i n e d  by  Wi n c h  c a n  b e  p a r t l y  
e x p l a i n e d  by  t h e  a l t i t u d e  ( 1 4 0 0  m a b o v e  s e a  l e v e l )  a t  
w h i c h  t h e  m e a s u r e m e n t s  w e r e  m a d e .  H o w e v e r ,  t h e  o t h e r  
f i g u r e s  c a n n o t  b e  s o  e a s i l y  d i s m i s s e d ;  t h e y  i n d i c a t e  
t h a t  t h e  UV e n e r g y  i n  t y p i c a l  d a y l i g h t  v a r i e s ,  f r o m  p l a c e  
t o  p l a c e ,  d e p e n d i n g  on  t h e  a v e r a g e  a t m o s p h e r i c  
c o n d i t i o n s  a n d ,  p a r t i c u l a r l y  a t  A < 3 3 0  nm,  on  t h e  
o z o n e  c o n t e n t  o f  t h e  a t m o s p h e r e .
I t  i s  e v i d e n t  t h a t ,  i n  t h e  UV r e g i o n  o f  t h e  
s p e c t r u m  t h e  CIE f i g u r e s  a r e  t o o  l o w ;  f o r  s t u d i e s  i n  
w h i c h  t he-  UV e n e r g i e s  m u s t  b e  known  a c c u r a t e l y ,  t h e  CIE 
s t a n d a r d  d a y l i g h t s  a r e  i n a d e q u a t e .  I t  may b e  n e c e s s a r y  
t o  e s t a b l i s h  s e p a r a t e  UV d i s t r i b u t i o n s  f o r  d i f f e r e n t  
g e o g r a p h i c a l  l o c a t i o n s ,  a n d  t o  i n c l u d e  s i m p l e  f o r m u l a e  
w h i c h  c a n  a c c o u n t  f o r  v a r i a t i o n s  i n  t h e  o z o n e  c o n t e n t  
o f  t h e  a t m o s p h e r e .
1 0 . 5  LONG-TERM VARIATIONS IN THE SPD OF DAYLIGHT
I t  i s  g e n e r a l l y  a c c e p t e d  t h a t  t h e  a e r o s o l  c o n t e n t  
o f  t h e  a t m o s p h e r e  i s  b e i n g  i n c r e a s e d  by  t h e  a d d i t i o n  o f
m a n - m a d e  p a r t i c l e s  w h i c h  r e s u l t  f r o m  i n d u s t r i a l
. . 5 3 ,  108 „ .a c t i v i t y  . The  r a t e  o f  i n c r e a s e  s e e ms  t o  v a r y
f r o m  p l a c e  t o  p l a c e . ;  e . g .  i n  t h e  p e r i o d  1 9 1 0  -  1 9 6 0 ,
t h e  t u r b i d i t y  o f  t h e  a t m o s p h e r e  a t  Da v o s  ( S w i t z e r l a n d )
i n c r e a s e d  by  20% p e r  d e c a d e ,  w h i l e  a t  W a s h i n g t o n  DC t h e
i n c r e a s e  was  10% p e r  d e c a d e .  C o n c e r n  h a s  a l s o  b e e n
e x p r e s s e d  a b o u t  t h e  e f f e c t s  o f  t h e  e x h a u s t  p r o d u c t s  o f
109h i g h - a l t 1 t u d e  a i r c r a f t  , a n d  t h e  d e p l e t i o n  o f  t h e
a t m o s p h e r i c  o z o n e  l a y e r  by  f l u o r o c a r b o n s  f r o m  " a e r o s o l "  
110s p r a y s
At  l e a s t  10 y e a r s  h a v e  p a s s e d  s i n c e  T a r r a n t ' s
97f i r s t  m e a s u r e m e n t s  o f  t h e  SPD o f  d a y l i g h t  ; i f  t h e r e  
h a v e  b e e n  l a r g e  c h a n g e s  i n  t h e  o p t i c a l  p r o p e r t i e s  o f  
t h e  a t m o s p h e r e  d u r i n g  t h i s  p e r i o d . o f  t i m e ,  t h e n  i t  may 
b e  p o s s i b l e  t o  d e t e c t  t h e  e f f e c t s  o f  t h o s e  c h a n g e s  by  
c o m p a r i n g  t h e  e a r l y  d a y l i g h t  s p e c t r a  w i t h  m o r e  r e c e n t  
o n e s .
The  me a n  SPDs o f  t h e  s o u t h - f a c i n g  170  -  1 8 0  m i r e d  
g r o u p s  a r e  c o m p a r e d  i n  f i g .  7 3 ,  a n d  t h e  s o u t h - f a c i n g  
180 -  190  m i r e d  g r o u p s  a r e  s h o wn  i n  f i g .  7 4 .  I n  b o t h  
c a s e s  t h e  1974  SPD h a s  a s l i g h t l y  h i g h e r  CCT t h a n  t h e  
e a r l i e r  o n e  h a s ,  a n d  i s  t h e r e f o r e  a l i t t l e  " b l u e r " ;  
n o w h e r e  do t h e  p a i r s  o f  c u r v e s  d i f f e r  by  m o r e  t h a n  6%. 
Th e  1 967  SPDs h a v e  a h i g h e r  a m o u n t  o f  UV r a d i a t i o n  a t  
3 6 0  < A < 3 9 0  t h a n  do t h e  1 9 7 4  s p e c t r a .  I t  h a s  a l r e a d y  
b e e n  s h o wn  ( s e c t i o n  1 0 . 3 )  t h a t  t h e  UV e n e r g i e s  i n  
i n d i v i d u a l  s p e c t r a  o f  t h e  s a me  CCT v a r y  w i d e l y ,  a n d  s o  
s m a l l  d i f f e r e n c e s  i n  UV e n e r g i e s  c a n  b e  e x p e c t e d  e v e n  
b e t w e e n  me a n  s p e c t r a  w i t h  a p a r t i c u l a r  CCT; t h u s  t h e  
d i f f e r e n c e s  i n  t h e  UV e n e r g i e s  o f  t h e  c u r v e s  i n  f i g s .  73 
a n d  74 a r e  n o t  s i g n i f i c a n t .  R e l i a b l e  f i g u r e s  w e r e  n o t  
a v a i l a b l e  f o r  t h e  e n e r g i e s  a t  X < 3 5 0  nm d u r i n g  t h e  1967 
m e a s u r e m e n t s .
C h a n g e s  i n  t h e  a t m o s p h e r i c  a e r o s o l  w i l l  h a v e  a 
m o r e  p r o n o u n c e d  e f f e c t  on  s k y l i g h t  t h a n  on  d i r e c t
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s u n l i g h t ;  f o r  t h i s  r e a s o n  t h e  me a n  SPDs o f  t h e  n o r t h -  
f a c i n g  160  -  170  m i r e d  g r o u p s  a r e  c o m p a r e d  i n  f i g .  7 5 .  
T h e  19 6 7 s p e c t r u m  h a s  t h e  h i g h e r  CCT a n d  i s  t h e r e f o r e  
“ b l u e r " ;  i t  i s  up  t o  15% h i g h e r  t h a n  t h e  1971  c u r v e  i n  
t h e  r e g i o n  3 6 0  < X < 3 9 0  nm.  T h i s  may r e p r e s e n t  a r e a l  
c h a n g e  i n  t h e  SPD o f  a v e r a g e  d a y l i g h t ,  o r  i t  may b e  d u e  
t o  d i f f e r e n c e s  b e t w e e n  t h e  m e a s u r i n g  e q u i p m e n t s  w h i c h  
w e r e  u s e d  on  t h e  t wo o c c a s i o n s .
F o r  c o m p a r i s o n s  i n  t h e  3 0 0  -  3 5 0  nm- r e g i o n ,  o n l y  
t h e  1 9 7 1  a n d  197 4  s p e c t r a  a r e  a v a i l a b l e ;  t h e  me a n  SPDs 
o f  t h e  s o u t h - f a c i n g  170  -  180  m i r e d  g r o u p s  a r e  l i s t e d  
i n  T a b l e  1 1 .  Th e  s p e c t r a  d i f f e r  by  no  m o r e  t h a n  3% 
o v e r  t h e  r a n g e  3 3 0  £ X 4  690  nm.  The  p h o t o m u l t i p l i e r  
u s e d  i n  t h e  1971  m e a s u r e m e n t s  h a d  a l ow s e n s i t i v i t y  a t  
A < 3 3 0  nm,  a n d  so  t h e  d i f f e r e n c e s  b e t w e e n  t h e  SPDs i n  
t h i s  s p e c t r a l  r e g i o n  a r e  n o t  s i g n i f i c a n t .  E v e n  i f  
t h e s e  v a r i a t i o n s  w e r e  d u e  t o  c h a n g e s  i n  t h e  a t m o s p h e r i c  
o z o n e ,  t h e y  w o u l d  i n d i c a t e  t h a t  t h e  o z o n e  c o n t e n t  h a s  
i n c r e a s e d  s i n c e  1 9 7 1 ;  t h e  c u r r e n t  c o n t r o v e r s y  c o n c e r n s  
a p o s s i b l e  d e c r e a s e  i n  t h e  o z o n e  c o n t e n t  o f  t h e  
a t m o s p h e r e .
I t  i s  e s s e n t i a l  t o  a p p r e c i a t e  t h e  l i m i t a t i o n s  o f  
t h i s  m e t h o d  o f  c o m p a r i s o n .  A c o n s t a n t  f r a c t i o n a l  
c h a n g e  i n  t h e  p o w e r  a t  a l l  w a v e l e n g t h s  w o u l d  n o t  b e  
d e t e c t e d ,  b e c a u s e  r e l a t i v e  SPDs a r e  b e i n g  c o m p a r e d .
The  c o m p a r i s o n s  a r e  ma d e  on  t h e  b a s i s  o f  s i m i l a r  CCTs ;  
t h u s  t h e  s p e c t r a  a r e  n e c e s s a r i l y  s i m i l a r  i n  t h e  v i s i b l e  
r e g i o n ,  a n d  c h a n g e s  a t  v i s i b l e  w a v e l e n g t h s  w o u l d  n o t  b e  
d e t e c t e d .  H o w e v e r ,  i f  s i g n i f i c a n t  c h a n g e s  h a d  o c c u r r e d
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T a b l e  11
Mean  SPDs. o f  t h e  s o u t h - f a c i n g  170  -  180  m i r e d  g r o u p s  
f r o m  t h e  1 971  a n d  1 974  s e r i e s  o f  m e a s u r e m e n t s
X 1971 1 9 7 4
300 0 . 1 0 . 2
310 7 . 1 6 . 0
320 1 8 . 6 1 6 . 8
330 3 1 . 9 . 3 1 . 4
340 3 3 . 1 3 4 . 1
3 50 3 7 . 0 37 . 2
3 60 3 7 . 8 3 8 . 3
3 70 4 5 . 6 4 6 . 2
3 80 4 5 . 0 4 5 . 0
3 9 0 4 6 . 1 4 5 . 5
4 0 0 6 7 . 8  . 68 . 1
4 2 0 8 3 . 3 8 3 . 6
4 4 0 9 1 . 2 9 3 . 6
4 6 0 105  . 6 1 0 6 . 9  '
480 1 0 7 . 7 1 0 8 . 9
500 1 0 4 . 0 104 . 2
5 2 0 •9 9 . 5 9 8 . 9
5 4 0 1 0 2 . 8 1 0 3 . 4
560 1 0 0 . 0 1 0 0 . 0
580 9 8 . 7 9 8 . 6
600 9 5 . 4 9 5 . 7
620 9 1 . 7 9 1 . 9
640 8 9 . 3 9 0 .  6
6 6 0 8 5 . 6 8 6 . 1
680 8 4 . 1 8 6 . 6
700 7 6 . 5 8 0 . 6
CCT 5 7 5 0  K 5 7 5 0  K
a t  UV w a v e l e n g t h s ,  w i t h o u t  c o r r e s p o n d i n g  c h a n g e s  i n  t h e  
v i s i b l e  r e g i o n ,  t h e n  t h e  me a n  s p e c t r a  w o u l d  h a v e  s i m i l a r  
CCTs b u t  d i f f e r e n t  UV d i s t r i b u t i o n s ;  u n d e r  t h e s e  
c o n d i t i o n s ,  v a r i a t i o n s  i n  t h e  u l t r a v i o l e t  r e g i o n  o f  t h e  
s p e c t r u m  c o u l d  b e  d e t e c t e d .
Fr om t h e s e  s t u d i e s  i t  may b e  c o n c l u d e d  t h a t ,  f o r  
t h e  r a n g e  o f  CCTs c o n s i d e r e d  a b o v e ,  t h e  SPD o f  a v e r a g e  
d a y l i g h t  i n  t h e  r e g i o n  3 5 0  ^ X < 7 0 0  nm h a s  n o t  c h a n g e d  
s i g n i f i c a n t l y  d u r i n g  t h e  p a s t  10 y e a r s ;  f u r t h e r m o r e ,  a t  
s h o r t  UV w a v e l e n g t h s  (X < 3 5 0  nm) t h e  a v e r a g e  SPD 
m e a s u r e d  i n  197 4  i s  s i m i l a r  t o  t h a t  o b t a i n e d  i n  1 9 7 1 .  
T h e r e  i s  s ome e v i d e n c e  t h a t  t h e  UV c o n t e n t  o f  me a n  
s p e c t r a  w i t h  s i m i l a r  CCTs h a s  d e c r e a s e d  s l i g h t l y ;  b u t  
t h e s e  v a r i a t i o n s  c a n  b e  a t t r i b u t e d  t o  d i f f e r e n c e s  i n  
t h e  e q u i p m e n t  a n d  m e a s u r i n g  t e c h n i q u e .
1 1 . .
1 1 .
SUMMARY OF RESULTS 
The  i m p o r t a n t  r e s u l t s  f r o m  t h e  T h e o r e t i c a l  S t u d i e s  
a n d  t h e  SPD M e a s u r e m e n t s  a r e  p r e s e n t e d  b e l o w .
RESULTS OF THEORETICAL STUDIES
When t h e  s o l a r  z e n i t h  a n g l e  ( z )  i n c r e a s e s ,  t h e  
i r r a d i a n c e  o f  d i r e c t  s u n l i g h t  d e c r e a s e s  a t  a l l  
w a v e l e n g t h s .  The  f r a c t i o n a l  d e c r e a s e  i s  l a r g e s t  a t  t h e  
s h o r t e s t  w a v e l e n g t h s .  F o r  e x a m p l e ,  when,  z i n c r e a s e s  
f r o m  0°  t o  5 0 ° ,  t h e  i r r a d i a n c e  d e c r e a s e s  by  93% a t  
3 0 0  nm w a v e l e n g t h ,  a n d  b y  10% a t  8 0 0  nm;  t h e  p r o p o r t i o n  
o f  u l t r a v i o l e t  r a d i a t i o n  i n  t h e  s p e c t r u m  ( t h e  "UV c o n t e n d 1) 
d e c r e a s e s  by  20%.  T h u s ,  a s  t h e  s u n  s e t s ,  s u n l i g h t  
b e c o m e s  " r e d d e r "  a n d  t h e  p o s i t i o n  o f  t h e  s h a r p  " c u t - o f f "  
i n  t h e  u l t r a v i o l e t  r e g i o n  mo v e s  t o  l o n g e r  w a v e l e n g t h s .
An i n c r e a s e  i n  t h e  a e r o s o l  c o n t e n t  o f  t h e  
a t m o s p h e r e  r e d u c e s  t h e  d i r e c t  s u n l i g h t  i r r a d i a n c e  
t h r o u g h o u t  t h e  s p e c t r u m ;  t h e  g r e a t e s t  f r a c t i o n a l  d e c r e a s e  
o c c u r s  a t  t h e  s h o r t e s t  w a v e l e n g t h s ,  a n d  s o  s u n l i g h t  
b e c o m e s  " r e d d e r " .  At  z = 0 ° ,  a 10% i n c r e a s e  i n  t h e  
a e r o s o l  c o n t e n t  p r o d u c e s  a 4% d e c r e a s e  i n  t h e  i r r a d i a n c e  
a t  3 0 0  nm,  a 2% d e c r e a s e  a t  8 0 0  nm,  a n d  a 1% d e c r e a s e  
i n  t h e  UV c o n t e n t .  The  e f f e c t  i s  l a r g e r  a t  g r e a t e r  
z e n i t h  a n g l e s ;  a t  z = 60°. ,  t h e  d e c r e a s e s  a r e  10%,  4%,  
a n d  2%, r e s p e c t i v e l y .  F o r  t h i s  p a r t i c u l a r  m o d e l  
a t m o s p h e r e ,  t h e  UV c o n t e n t  o f  d i r e c t  s u n l i g h t  c a n  be  
e x p r e s s e d  a s  a q u a d r a t i c  f u n c t i o n  o f  t h e  t o t a l  o p t i c a l  
t h i c k n e s s  o f  t h e  a e r o s o l .
C h a n g e s  i n  t h e  o z o n e  c o n t e n t  o f  t h e  a t m o s p h e r e  h a v e
t h e  g r e a t e s t  e f f e c t  a t  w a v e l e n g t h s  s h o r t e r  t h a n  3 3 0  nm.
F o r  z = 0 ° ,  a 10% d e c r e a s e  . i n  t h e  o z o n e  c o n t e n t  i n c r e a s e s  
t h e  d i r e c t  s u n l i g h t  i r r a d i a n c e  by  a f a c t o r  o f  10 a t
285  nm,  by  a f a c t o r  o f  4 a t  290  nm,  by  50% a t  3 0 0  nm,  a n d
b y  7% a t  3 1 0  nm;  t h e  t o t a l  e r y t h e m i c  f l u x  i n c r e a s e s  by  
a p p r o x i m a t e l y  18%.
Th e  i r r a d i a n c e  o f  s k y l i g h t  f o r  z = 0 °  was  c a l c u l a t e d  
u s i n g  t h e  s i n g l e  s c a t t e r i n g  a p p r o x i m a t i o n ;  h o w e v e r ,  
m u l t i p l e  s c a t t e r i n g  m a k e s  a n  i m p o r t a n t  c o n t r i b u t i o n  t o  
s k y l i g h t  a t  s h o r t  w a v e l e n g t h s .  I n  a m o l e c u l a r  a t m o s p h e r e  
( a e r o s o l - f r e e ) ,  s i n g l e - s c a t t e r e d  r a d i a t i o n  a c c o u n t s  f o r  
o n l y  30% o f  t h e  s k y l i g h t  i r r a d i a n c e  a t  300  nm,  f o r  70% a t  
4 0 0  nm,  a n d  f o r  85% a t  5 0 0  nm;  t h e  c o r r e s p o n d i n g  f i g u r e s  
f o r  g l o b a l  r a d i a t i o n  . a r e  70%,  93%,  a n d  99%.
When t h e  a e r o s o l  c o n t e n t  o f  t h e  a t mo  s p h e r e  i n c r e a s e s ,  
t h e  s k y l i g h t  i r r a d i a n c e  i n c r e a s e s  a t  a l l  w a v e l e n g t h s ;  t h e  
a c c u r a c y  o f  t h e  s i n g l e - s c a t t e r i n g  m e t h o d  d e c r e a s e s ,  b u t  
t h e  r e s u l t s  a r e  s t i l l  c o m p a r a b l e  w i t h  f i g u r e s  o b t a i n e d  by  
e x a c t  m e t h o d s .  A 10% i n c r e a s e  i n  t h e  a e r o s o l  c o n t e n t  
i n c r e a s e s  t h e  s k y l i g h t  i r r a d i a n c e  by  2% a t  4 0 0  nm,  a n d  by  
7% a t  8 0 0  nm;  t h e  g l o b a l  i r r a d i a n c e  i s  r e d u c e d  by  1 . 5% 
a n d  0 . 5 % a t  t h e s e  t wo w a v e l e n g t h s .  I n  g e n e r a l ,  a n  
i n c r e a s e  i n  t h e  t r o p o s p h e r i c  a e r o s o l  i s  m o r e  e f f e c t i v e  i n  
r e d u c i n g  t h e  g l p b a l  i r r a d i a n c e  t h a n  i s  a n  e q u i v a l e n t  
i n c r e a s e  t h r o u g h o u t  t h e  a t m o s p h e r e ,  o r  i n  t h e  s t r a t o s p h e r e  
a l o n e .  H o w e v e r ,  t h e r e  a r e  i n d i c a t i o n s  t h a t  a n  i n c r e a s e  
i n  t h e  s t r a t o s p h e r i c  a e r o s o l  c a n  p r o d u c e  a g r e a t e r  
r e d u c t i o n  i n  g l o b a l  r a d i a t i o n  t h a n  c a n  b e  p r o d u c e d  by  a n  
e q u i v a l e n t  i n c r e a s e  i n  t h e  t r o p o s p h e r i c  a e r o s o l .
When c a l c u l a t i n g  t h e  s k y l i g h t  i r r a d i a n c e ,  i t  i s  
u n s a t i s f a c t o r y  t o  r e g a r d  t h e  a t m o s p h e r i c  o z o n e  a s  b e i n g  
c o n c e n t r a t e d  i n  a s i n g l e  l a y e r  a t  t h e  t o p  o f  t h e  
a t m o s p h e r e ;  f o r  a c c u r a t e  r e s u l t s ,  a r e a l i s t i c  v e r t i c a l  
d i s t r i b u t i o n  o f  o z o n e  m u s t  b e  u s e d .
When t h e  d i f f e r e n c e s  b e t w e e n  t h e  r e a l  a n d  t h e  
m o d e l  a t m o s p h e r e s  a r e  t a k e n  i n t o  a c c o u n t ,  t h e  
c a l c u l a t e d  i r r a d i a n c e s  o f  d i r e c t  s u n l i g h t  a n d  s k y l i g h t  
a r e  f o u n d  t o  b e  i n  s a t i s f a c t o r y  a g r e e m e n t  w i t h  m e a s u r e d  
v a l u e s .
1 1 . 2 RESULTS OF MEASUREMENTS
U n d e r  s t a b l e  a t m o s p h e r i c  c o n d i t i o n s ,  t h e  p r o p o r t  i o n  
o f  UV r a d i a t i o n  i n  d a y l i g h t  d e c r e a s e s  a s  t h e  s o l a r  
z e n i t h  a n g l e  i n c r e a s e s ,  a n d  t h e  d a y l i g h t  b e c o m e s  
" r e d d e r " .  The  SPDs a r e  n o r m a l i s e d  a t  5 6 0  nm w a v e l e n g t h ;  
t h u s ,  a s  z i n c r e a s e s ,  t h e  r e l a t i v e  p o w e r  a t  X < 5 6 0  nm 
d e c r e a s e s ,  a n d  t h e  r e l a t i v e  p o w e r  a t  X > 5 6 0  nm 
i n c r e a s e s .  As t h e  s u n  s e t s ,  s k y l i g h t  p a r t i a l l y  
c o m p e n s a t e s  f o r  t h e  r e d u c t i o n  i n  d i r e c t  s u n l i g h t ;  t h u s ,  
f o r  a g i v e n  c h a n g e  i n  z ,  t h e  v a r i a t i o n s  i n  t h e  r e l a t i v e  
p o w e r  a r e  s m a l l e r  t h a n  w o u l d  b e  p r e d i c t e d  by  
c a l c u l a t i o n s  on  d i r e c t  s u n l i g h t  a l o n e .
F o r  l i m i t e d  r a n g e s  o f  z ,  i t  i s  p o s s i b l e  t o  e x p r e s s  
t h e  p r o p o r t i o n  o f  UV r a d i a t i o n  a s  a l i n e a r  f u n c t i o n  o f  
t h e  a i r  m a s s  (m = s e c ( z ) ) .  At  i n d i v i d u a l  w a v e l e n g t h s ,  
t h e  r e l a t i v e  p o w e r  c a n  a l s o  be  r e p r e s e n t e d  a s  a l i n e a r  
f u n c t i o n  o f  m; i n  some c a s e s ,  h o w e v e r ,  a l i n e a r  
•r r e l a t i o n  b e t w e e n  t h e  l o g ( r e l a t i v e  p o w e r )  a n d  m i s  m o r e
a c c u r a t e .  S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  f o r  b o t h  n o r t h -  
f a c i n g  a n d  s o u t h - f a c i n g  SPDs .
The  e f f e c t  o f  c l o u d  i s  d i f f i c u l t  t o  q u a n t i f y .
T h e s e  l a t e s t  s t u d i e s  c o n f i r m  T a r r a n t ’ s o b s e r v a t i o n  t h a t  
t h e  d i s t r i b u t i o n  o f  c l o u d  i n  t h e  s k y  i s  i m p o r t a n t  i n  
d e t e r m i n i n g  t h e  SPD.  S m a l l  a m o u n t s  o f  c l o u d  h a v e  
l i t t l e  e f f e c t  on  s o u t h - f a c i n g  s p e c t r a ,  p r o v i d e d  t h a t  
n o n e  o f  t h e  c l o u d  i s  c l o s e  t o  t h e  s u n .  When t h e  s k y  i s  
u n i f o r m l y  o v e r c a s t ,  n o r t h - f a c i n g  a n d  s o u t h - f a c i n g  SPDs 
d i f f e r  b y  l e s s  t h a n  3%.  The  p r o p o r t i o n  o f  UV r a d i a t i o n  
i n  s o u t h - f a c i n g  s p e c t r a  i s  s m a l l e r  wh e n  t h e  s u n  i s  
s h i n i n g  t h r o u g h  t h i n  c l o u d  t h a n  wh e n  t h e  s k y  i s  c l e a r ;  
t h e  r e l a t i v e  p o w e r  a t  s h o r t  w a v e l e n g t h s  i n c r e a s e s  wh e n  
t h e  s u n  i s  o b s c u r e d  by  t h i c k  c l o u d s .
I t  i s  n o t  p o s s i b l e  t o  r e l a t e  t h e  r e l a t i v e  p o w e r  a t  
X < 3 3 0  nm t o  t h e  o z o n e  c o n t e n t  o f  t h e  a t m o s p h e r e ,  a 
b e c a u s e  t h e  e f f e c t s  o f  c h a n g e s  i n  t h e  o z o n e  c o n t e n t  a r e  
m a s k e d  by  d a y  t o  d a y  v a r i a t i o n s  i n  t h e  a t m o s p h e r i c  
c o n d i t i o n s ,  e . g .  c l o u d .
The  c o r r e l a t e d  c o l o u r  t e m p e r a t u r e s  o f  t h e  SPDs 
m e a s u r e d  i n  197 1  a n d  197 4  r a n g e  f r o m  5 0 0 0  K t o  7 1 0 0  K.  
W i t h i n  t h i s  r a n g e  o f  CCTs ,  i t  i s  p o s s i b l e  t o  c a l c u l a t e  
t h e  p r o p o r t i o n  o f  UV r a d i a t i o n  a t  X < 4 0 0  nm t o  w i t h i n  
t  0 . 0 0 8 ,  f r o m  t h e  CCT a l o n e .
SPDs w h o s e  c h r o m a t i c i t y  c o o r d i n a t e s  d i f f e r  b y  l e s s  
t h a n  0 . 0 0 0 4  a g r e e  t o  w i t h i n  5% t h r o u g h o u t  t h e  v i s i b l e  
r e g i o n  o f  t h e  s p e c t r u m ;  t h e r e  i s  e v e n  c l o s e r  a g r e e m e n t  
b e t w e e n  SPDs w h i c h  h a v e  b e e n  m e a s u r e d  u n d e r  s i m i l a r  
c o n d i t i o n s .
Mean s p e c t r a  o f  CCTs 6 3 0 0  K a n d  5 5 0 0  K w e r e  
d e r i v e d  f r o m  t h e  1971  a n d  1974  m e a s u r e m e n t s .  Ov e r  m o s t  
o f  t h e  v i s i b l e  r e g i o n  ( 4 3 0  < X < 700  n m ) , t h e s e  f i g u r e s  
a g r e e  t o  w i t h i n  5% w i t h  t h e  me a n  s p e c t r a  o b t a i n e d  by  
o t h e r  w o r k e r s  a n d  w i t h  t h e  CIE s t a n d a r d  d a y l i g h t s ,
^ 6 5 0 0  a n ^ ^ 5 5 0 0 ’ t 1^0 ^  r e S ^ o n > a -^*- t i^ e  m e a s u r e d
v a l u e s  a r e  h i g h e r  t h a n  t h e  CIE f i g u r e s .  W i n c h ' s  v a l u e s
a r e  h i g h e s t ,  b u t  t h e y  c a n  be  p a r t l y  e x p l a i n e d  by  t h e
h i g h  a l t i t u d e  a t  w h i c h  h i s  m e a s u r e m e n t s  w e r e  m a d e .
T a r r a n t ' s  1971  f i g u r e s  a r e  c l o s e s t  t o  t he j ^  a r e
10% l a r g e r  t h a n  t h e  CIE v a l u e s  i n  t h e  r a n g e  3 5 0  -  3 8 0  nm,
a n d  t h e  d i f f e r e n c e s  i n c r e a s e  a s  t h e  w a v e l e n g t h
d e c r e a s e s .  T h e r e  i s  s l i g h t l y  b e t t e r  a g r e e m e n t  b e t w e e n
t h e  v a r i o u s  me a n  SPDs w i t h  CCT 5 5 0 0  K.  T h u s ,  t h e  CIE
f i g u r e s  a r e  s a t i s f a c t o r y  a s  a w o r l d - w i d e  s t a n d a r d  i n
t h e  v i s i b l e  r e g i o n  o f  t h e  s p e c t r u m ;  h o w e v e r ,  f o r
b i o l o g i c a l  s t u d i e s ,  a n  a c c u r a t e  k n o w l e d g e  o f  t h e  UV
c o n t e n t  o f  d a y l i g h t  i s  r e q u i r e d ,  a n d  f o r  t h e s e  p u r p o s e s
t h e  CIE f i g u r e s  a r e  i n a d e q u a t e .
A c o m p a r i s o n  b e t w e e n  SPDs m e a s u r e d  i n  1 9 7 1  a n d  1 9 7 4  
a n d  T a r r a n t ' s  e a r l i e r  m e a s u r e m e n t s  i n d i c a t e s  t h a t  t h e  
SPD o f  d a y l i g h t  o f  a p a r t i c u l a r  CCT i s  s u b s t a n t i a l l y  
t h e  s ame  now a s  i t  was  10 y e a r s  a g o .
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APPENDIX A.
COMPUTER PROGRAM LI STI NGS
N a m e  F o r t r a n  S u b r o u t i n e .  M I E F 1
F u n c t i o n  C a l c u l a t e s  P e x t  a n d  P s c a
I n p u t  x a n d  m,  t h r o u g h  t h e  p a r a m e t e r s '  X a n d  M
O u t p u t  P e x t  a n d  P s c a ,  t h r o u g h  t h e  p a r a m e t e r s  PEXT a n d  PSCA
Comme n t s  m i s  c o m p l e x
S u b r o u t i n e  i s  l i s t e d  on  p a g e  A2
Name F o r t r a n  S u b r o u t i n e  MIEF2
F u n c t i o n  C a l c u l a t e s  P s c a
I n p u t  x a n d  m,  t h r o u g h  t h e  p a r a m e t e r s  X a n d  M
O u t p u t  P s c a ,  t h r o u g h  t h e  p a r a m e t e r  PSCA
Comment s  m i s  r e a l
S u b r o u t i n e  i s  l i s t e d  on  p a g e  A3
SUBROUTINE M I E F 1 ( X , M, PEXT, PSCA)
' COMPLEX M,Y,WN, WNM1, WNM2, ANY, ANYM1, AN, BN, ASTR, BSTR 
SQRMOD(Z) = REAL( Z) *REAL( Z)  + AIMAG( Z ) * AIMAG( Z)
LM = I F I X ( 1 . 2 * X )  + 9 
PEXT = 0 . 0  
PSCA = 0 . 0  
RN = 0 . 0  
R2NP1 = 1 . 0  
Y = M*X
ANY = CCOS ( Y) / C S I N( Y)
WN = CMPLX( S I N ( X ) ,  COS(X)  )
WNMl = CMPLX( AIMAG(WN), -REAL(WN) )
1 RN = RN + 1 . 0  
R2NP1 = R2NP1 + 2 . 0  
WNM2 = WNMl
WNMl = WN
WN = WNM1* ( R2NP1 -  2 . 0 ) /X -  WNM2 
ASTR = RN/Y 
ANYM1 = ANY
ANY = 1 . 0 / (ASTR -  ANYM1) -  ASTR
XRN = RN/X
ASTR = ANY/M + XRN
BSTR = ANY*M + XRN
AN = (ASTR*REAL(WN) -  REAL(WNM1) ) / (ASTR*WN -  WNM1) 
BN = (BSTR*REAL(WN) -  REAL(WNMl) ) / ( BSTR*WN -  WNMl) 
ABMOD = SQRMOD( AN) + SQRMOD(BN)
PEXT = PEXT + R2NP1*(REAL(AN)  + REAL( BN) )
PSCA = PSCA + R2NP1*ABMOD
I F  ( (ABMOD/RN) -  0 . 1 E - 1 3 )  2 , 0 , 0
I F '  ( I F I X ( R N )  -  LM) 1 , 1 , 0
2 RETURN 
END
F o r t r a n S u b r o u t i n e M I E F 1
SUBROUTINE M I E F 2 ( X , M, PSCA)
COMPLEX WN, WNMl, WNM2, AN, BN 
REAL M
SQRMOD (Z)  *= REAL (Z)*REAL (Z)  + AIMAG.( Z ) * AIMAG ( Z )
LM « I F I X (1 * 2 * X) + 9 
PSCA = 0 . 0  
RN = 0 . 0  
R2NP1 = 1 . 0  
Y = M*X
ANY = C O S ( Y ) / S I N ( Y )
WN = CMPLX( S I N ( X ) ,  COS(X)  )
WNMl = CMPLX( AIMAG(WN), “ REAL(WN) )
1 RN = RN + 1 . 0  
R2NP1 = R2NP1 + 2 . 0
WNM2 = WNMl '
WNMl = WN
WN = WNMl*(R2NP1 -  2 . 0 ) /X -  WNM2 
ASTR = RN/Y 
ANYM1 = ANY
ANY = 1 . 0 / (ASTR -  ANYM1) -  ASTR
XRN = RN/X
ASTR = ANY/M + XRN
BSTR = ANY*M + XRN
AN = (ASTR*REAL(WN) -  REAL(WNMl) ) / (ASTR*WN -  WNMl) 
BN = (BSTR*REAL(WN) -  REAL(WNMl) ) / (BSTR*WN -  WNMl) .  
ABMOD = SQRMOD(AN) + SQRMOD(BN)
PSCA = PSCA + R2NP1*ABMOD
I F  ( (ABMOD/ RN) ~ 0 . 1 E - 1 3 )  2 , 0 , 0
I F  ( I F I X ( R N )  -  LM) 1 , 1 , 0
2 RETURN 
END
F o r  t r a n S u b  r o u  t  i n  e M I E F 2
N a m e A l g o l  6 8  P r o c e d u r e  M I E A 1
F u n c t i o n  C a l c u l a t e s  P e x t  a n d  P s c a
I n p u t  x a n d  m,  t h r o u g h  t h e  p a r a m e t e r s  X a n d  M
O u t p u t  P s c a ,  t h r o u g h  t h e  p a r a m e t e r  PSCA
P e x t  d e l i v e r e d  b y  t h e  p r o c e d u r e
Comment s  m i s  c o m p l e x
P r o c e d u r e  i s  l i s t e d  on  p a g e  A5
Name A l g o l  68 P r o c e d u r e  MIEA2
F u n c t i o n  C a l c u l a t e s  P s c a
I n p u t  x  a n d  m,  t h r o u g h  t h e  p a r a m e t e r s  X a n d  M
O u t p u t  P s c a  d e l i v e r e d  by  t h e  p r o c e d u r e
Comment s  m i s  r e a l
P r o c e d u r e  i s  l i s t e d  on  p a g e  A6
PROC'  MIEA1 = ( ’ REAL* X,  T COMPLEX' M, TRE F , f REAL 1 P S C A ) ’ REAL’ 
’ PROC1 MODSQR = ( '  COMPLEX 1 Z) '  REAL’ :
(RE ’ OF’ Z*RE ’ O F ’ Z * IM ’ OF ’ Z*IM ’ O F ’ Z ) ;
’ PROC’ CCOT = ( ’ COMPLEX’ Z ) ’ COMPLEX’ :
( ' COMPLEX’ Z2 = 2 . 0  * Z ;
’ REAL'  XP = E X P ( IM ' O F '  Z2)  ,
DN = 0 . 5 * ( X P  + 1 / X P )  -  COS(RE ’ OF'  Z 2 ) ;
( SI N( RE ' O F '  Z2) / DN ) ? ( ( 1 / XP  -  X P ) / ( 2 . 0 * D N )  ) )
' I N T '  N2P1 : = 1;
' COMPLEX'  Y = M*X;
’ BOOL’ CHECK:= ’ TRUE’ ;
’ REAL’ PEXT: = O. O;  P S C A : = 0 . 0 ;
’ COMPLEX’ ANY: = CCOT( Y) ,  WN :,= S I N( X)  ? COS( X) ,
WNMl: = IM ’ OF ’ WN ?- RE ' O F '  WN;
' FOR'  N ’ TO’ ( ' R O U N D ' ( 1 . 2 * X )  + 9)  ’ WHILE’ CHECK ’ DO’
( ' COMPLEX'  NY = N/ Y,  ANYM1 = ANY;
’ REAL'  NX = N/ X;
N2P1 ’ PLUS'  2;
ANY: = 1 . 0 / ( NY -  ANYM1) - N Y ;
' COMPLEX’ Cl  = ANY/M + NX, C2 = ANY*M + NX,  WNM2 = WNMl; 
WNMl: = WN;
WN: = WNMl*(N2P1 -  2 ) / X  -  WNM2;
' COMPLEX'  AN = ( Cl *RE ' O F '  WN -  RE ’ O F ’ WNMl ) /
(Cl*WN -  WNMl) ,
BN = ( C 2 * RE ' O F '  WN -  RE ’ OF'  WNMl ) /
( C 2 * WN -  WNMl) ;
' REAL'  AB = MODSQR(AN) + MODSQR(BN);
PEXT ’ PLUS'  N 2 P 1 * (RE ' O F '  AN + RE ' O F '  BN) ;
PSCA ' P LUS '  N2 P1 * AB;
CHECK:= AB/N >= 0 . 1 & - 1 3  ) ;  PEXT ) ;
A l g o l  6 8  P r o c e d u r e  M I E A 1
PROC’ MIEA2 = ( ' R E A L '  X, M ) ' REAL' :
' PROC1 MODSQR = ( ' COMPLEX’ Z) 1 REAL' :
(RE ' O F '  Z*RE ' O F '  Z + IM ’ OF'  Z*IM ' O F '  Z 
’ I NT '  N 2 P 1 := 1;
' REAL'  Y = M*X;
' BOOL'  CHECK:= ' T R U E ' ;
' REAL'  P SCA: = O. O,  ANY: = 1 . 0 / TAN(Y) ;
' COMPLEX'  WN: = S I N( X)  ? COS ( X) ,
WNMl: =  IM ' O F '  WN ? - RE ' O F '  WN;
' F OR'  N ' T O 1 ( ' R O U N D ' ( 1 . 2*X)  + 9)  ' WHI LE'  CHECK '
( ' REAL'  NY = N/ Y,  NX = N/ X,  ANYM1 = ANY;
N2P1 ' P L US '  2 ;
ANY:= 1 . 0 / (NY -  ANYM1) -  NY;
' COMPLEX’ WNM2 = WNMl;
WNMl: = WN;
WN:= WNMl *(N2PI  -  2 ) / X  -  WNM2;
' REAL'  T1 = ANY/M + NX, T2 = ANY*M + NX;
' COMPLEX'  AN = (T1*RE ' O F '  WN -  RE ' O F '  WNMl ) /
( T 1* WN -  WNMl) ,
BN = (T2*RE ' O F '  WN -  RE ' O F '  WNMl) /
( T 2 * WN -  WNMl);
' REAL'  AB = MODSQR(AN) + MODSQR(BN) ;
PSCA ' P L U S '  N2 P 1 * AB;
CHECK:= AB/N >= 0 . 1 & - 1 3  ) ;  PSCA ) ;
A l g o l  6 8  P r o c e d u r e  M I E A 2
N a m e F o r t r a n  P r o g r a m  I T H E T A S F
F u n c  t i o n
I n p u  t
C a l c u l a t e s  t h e  e l e m e n t s  o f  t h e  S c a t t e r i n g  m a t r i x ,
| ( m , x , 0 ) | 2 , | ( m , x , 0 ) |  2 , S1 ( m , x s 0 ) . S2 ( m , x , 0 ) * ,
2 - 1  m  u n i t s  o f  cm , s r
I n p u t  C h a n n e l  1 = C a r d  R e a d e r
The  d a t a  i s  s u p p l i e d  on  c a r d s  w h i c h  a r e  p u n c h e d  
a c c o r d i n g  t o  t h e  FORMAT s t a t e m e n t s  i n  t h e  p r o g r a m .
An e x a m p l e  o f  a d a t a  d e c k  c o n t a i n i n g  e i g h t  c a r d s  i s  
r e p r e s e n t e d  on  p a g e  A14 ;  t h e  h e a v y  l i n e s  i n d i c a t e  
t h e  f i e l d s  i n t o  w h i c h  t h e  c a r d s  a r e  d i v i d e d .
The  n u m b e r  o f  c a s e s  ( 3 )  i s  on  c a r d  1 .
C a s e  1 i s  on  c a r d s  2 - 5 .
C a s e  2 i s  on  c a r d  6.
C a s e  3 i s  on  c a r d s  7 a n d  8 .
The  f i r s t  c a r d  o f  e a c h  c a s e  c o n t a i n s :
X r  n - n  ’ num
T h e s e  a r e ,  r e s p e c t i v e l y ,  t h e  w a v e l e n g t h  ( i n  n m ) , 
t h e  p a r t i c l e  r a d i u s  ( i n  y m ) , t h e  r e a l  a n d  i m a g i n a r y  
p a r t s  o f  t h e  ( c o m p l e x )  r e f r a c t i v e  i n d e x ,  a n d  t h e  
n u m b e r  o f  a n g l e s  ( 0 )  f o r  w h i c h  t h e  e l e m e n t s  o f  t h e  
S c a t t e r i n g  m a t r i x  a r e  t o  b e  e v a l u a t e d .
I f  num > 0 ,  t h e n  t h i s  c a r d  i s  f o l l o w e d  by  c a r d s
g i v i n g  t h e  v a l u e s  o f  0 ( i n  d e g r e e s ) ,  t e n  p e r  c a r d .
I f  n u m ^  0 i s  s p e c i f i e d ,  a s  i n  c a s e  2 ,  t h e n  v a l u e s  
o f  0 m u s t  n o t  be  s u p p l i e d .  ( s e e  " C o m m e n t s " ,  p a g e  A8)
O u t p u t  O u t p u t  C h a n n e 1 2 = L i n e p r i n t e r  2 
O u t p u t  C h a n n e l  6 = L i n e p r i n t e r  0
The  r e s u l t s  a r e  p r i n t e d  o n  t wo 1 i n e p r i n  t e r s . P a r t  
o f  t h e  o u t p u t  f r o m  l i n e p r i n t e r  2 ,  f o r  t h e  d a t a  
d e s c r i b e d  e a r l i e r ,  i s  s h o wn  on  p a g e  A15 .  The  o u t p u t  
f r o m  l i n e p r i n t e r  0 i s  s i m i l a r ;  i t  g i v e s  t h e  
r e s u l t s  f o r  t h e  a n g l e s  1 8 0 °  -  0 .
Comme n t s  The  p r o g r a m  i s  l i s t e d  on  p a g e s  A9 ~ A13 .
The  DIMENSION s t a t e m e n t  i m p o s e s  l i m i t a t i o n s  o n  t h e  
d a t a .  The  v a l u e s  o f  A a n d  r  m u s t  b e  s u c h  t h a t  
x ( = ■ 27r r / A)  d o e s  n o t  e x c e e d  2 0 0 ;  i . e .  1 .  2x + 9 < 2 5 0 .  
No c a s e  may h a v e  m o r e  t h a n  200  v a l u e s  o f  0 .
The  p r o g r a m  h a s  t h r e e  s p e c i a l  f e a t u r e s  :
( a )  I f  t h e  i m a g i n a r y  p a r t  o f  t h e  r e f r a c t i v e  i n d e x  i s  
l e s s  t h a n  0 . 0 0 0 0 0 5 ,  i t  w i l l  b e  i g n o r e d ,  a n d  t h e  
c a l c u l a t i o n s  w i l l  p r o c e e d  a s  t h o u g h  t h e  r e f r a c t i v e  
i n d e x  was  r e a l ,  n o t  c o m p l e x .
( b )  I f  a n e g a t i v e  i n t e g e r  i s  s u p p l i e d  f o r  t h e  n u m b e r  o f  
a n g l e s  ( i . e .  n u m < 0 ) ,  t h e n  t h e  c u r r e n t  c a l c u l a t i o n  
w i l l - b e  p e r f o r m e d  w i t h ' t h e  s ame  v a l u e s  o f  0 t h a t  
w e r e  u s e d  i n  t h e  p r e v i o u s  c a s e .
( c )  V a l u e s  o f  0 g r e a t e r  t h a n  9 0 °  s h o u l d  n o t  b e  s u p p l i e d ,  
b e c a u s e  t h e  p r o g r a m  a u t o m a t i c a l l y  e v a l u a t e s  t h e  
s c a t t e r i n g  f u n c t i o n s  f o r  b o t h  0 a n d  1 8 0 °  -  0 .
F o r t r a n  P r o g r a m  I T H E T A S F
OUTPUT 2 = LP2 
OUTPUT'  6 = LPO 
INPUT 1 = CRO
MASTER ITHETASF
COMPLEX M , A N , B N , S 1 F , S 2 F , S I B , S 2 B , T E M P  
DIMENSION AN( 2 5 0 ) , BN( 2 5 0 ) , THEDEC( 2 0 0 )
P I  = 3 . 1 4 1 5 9 2 6 5 3 6  
DTOR = P I / 1 8 0 . 0  
READ( 1 , 1 0 0 )  NOL 
DO 1 1 = 1 ,  NOL
READ( 1 , 1 0 1 )  L , R,M,NUM 
Cl  = P I * 2 0 0 0 . 0 / F L 0 A T ( L )
X = C1*R
RK2 = C 1 * C 1 * 0 . 1 E + 0 9
Cl  = FLOAT( L) * 0 . I E - 1 0 / C l
I F  ( ABS(AI MAG( M) ) -  0 . 5 E - 0 5  ) 2 , 2 , 0
CALL MIEF5 ( X, M, PEXT, PSCA, AN, BN, NTERMS)
GO TO 3
2 CALL MI E F 6 ( X , R E A L ( M) , PSCA, AN, BN, NTERMS)
PEXT = PSCA
3 PEXT = PEXT*C1 
PSCA = PSCA*C1
WRI TE( 6 , 2 0 0 )  L , R , X , M, P E X T , P S C A  
I F  (NUM) 4 , 1 , 0  
NTHETA = NUM
READ( 1 , 1 0 2 )  ( THEDEG( J ) ,  J  = 1 ,  NTHETA)
4 WRI TE( 2 , 2 0 0 )  L , R , X , M, P E X T , PSCA 
DO 1 J  = 1 ,  NTHETA
THEJ = THEDEG( J )
THETA = THEJ*DTOR
CALL S 1 S 2 F ( A N , B N , N T E R M S , T H E T A , S 1 F , S 2 F , S I B , S 2 B )  . 
TEMP = ( S 1 F * C 0 N J G ( S 2 F ) ) /RK2 
G1 = SQRMOD(S1F) / RK2
G2 = SQRMOD(S2F) / RK2 
WRI TE( 6 , 2 0 1 )  T H E J , G 1 , G2 , TEMP 
TEMP = ( S 1 B * C 0 N J G ( S 2 B ) ) /RK2 
G1 = SQRMOD ( SI B) / RI C2 
G2 = SQRMOD(S2B) / RK2 
THEJ = 1 8 0 . 0  -  T HE J  
WRITE ( 2 ,  2 0 1 )  THEJ , G1 , G2 , TEMP  
1 CONTINUE 
STOP
100  FORMAT( 1 5 )
101 F O R M A T ( I 5 , E 2 0 . 0 , 2 F 1 5 . 0 , I 5 )
102 FORMAT( 10F8 . 0)
2 0 0  FORMAT(1H1, 1 2HWAVELENGTH = , I 6 , 1 1 H  NANOMETRES, /
1 19H RADIUS OF SPHERE = , E 1 3 . 6 , 1 2 H  MICROMETRES, /
2 2 1H SIZE PARAMETER (X) = , E 1 3 . 6 , /
3 2 3 H REFRACTIVE INDEX (M) = , 2 F 1 2 . 5 , /
4 27H EXTINCTION CROSS-SECTION = , E 1 3 . 6 , 1 1 H SQUARE C M . , /
5 27H SCATTERING CROSS-SECTION = , E 1 3 . 6 , 1 1 H  SQUARE C M . , / / /
6 6H THE T A, 1 0 X, 1 2 HS 1 .  S I * / ( I C . K )  , 1 0 X , 1 2 H S 2 .  S 2 * / ( K . K )  , 2 2 X ,
7 1 2 H S 1 . S 2 * / ( K . K ) , / )
201 F 0 RM AT ( F 6 .  1 ,  9 X , E 13 . 6-, 9 X , E 1 3 .  6 , 1 2 X , 2 E 1 5 .  6)
END
FUNCTION SQRMOD(Z)
COMPLEX Z
SQRMOD = REAL( Z) *REAL( Z)  + AIMAG( Z) * AIMAG( Z)
RETURN
END
SUBROUTINE MIEF5 ( X, M, PEXT, PS CA., AN , BN , N )
( s e e  p a g e  A l l )
SUBROUTINE M I E F 6 ( X , M, PSCA, AN, BN, N)
( s e e  p a g e  A12)
SUBROUTINE S 1 S 2 F ( A N , BN, NTERMS, T H E T A , S 1 F , S 2 F , S 1 B , S 2 B )
( s e e  p a g e  A13)
F I NI SH
SUBROUTINE MI E F 5 ( X , M, P E X T , PSCA, AN, BN, N)
COMPLEX M, Y, ANY, ANYM1, WN, WNMl, WNM2, AN, BN, C l , C 2 , T 1 , T2 
DIMENSION AN( 2 5 0 ) , BN( 2 5 0 )
LM = I F I X ( 1 . 2 * X )  + 9 
PEXT = " 0 . 0  
PSCA = 0 . 0  
N = 0
R2NP1 = 1 . 0  
Y = M*X 
' ANY = C C OS ( Y) / C S I N( Y)
WN = CMPLX( S I N ( X ) , COS(X)  )
WNMl = CMPLX( AIMAG(WN),  -REAL(WN) )
1 N = N ' + 1
RN = FLOAT(N)
R2NP1 = R2NP1 + “2 . 0  
WNM2 = WNMl
WNMl = WN
WN = WNMl*(R2NP1 -  2 . 0 ) /X -  WNM2 
T1 = RN/Y 
ANYMl = ANY
ANY = 1 . 0 / ( T1 -  ANYM1) -  T1 
XRN = RN/X 
T1 = ANY/M + XRN
T2 = ANY*M + XRN
Cl  = (T1*REAL(WN) -  REAL(WNMl) ) / (T1*WN -  WNMl)
C2 = (T2*REAL(WN) -  REAL(WNMl) ) / (T2*WN -  WNMl)
AN (N) = Cl  
BN(N) = C2
ABMOD = SQRMOD(Cl)  + SQRMOD(C2)
PEXT = PEXT + R2 NP 1 * ( R E AL ( Cl )  + REAL( C2) )
PSCA = PSCA + R2NP1*ABMOD
I F  ( (ABMOD/RN) -  0 . 1 E - 1 3 )  2 , 0 , 0
I F  (N -  LM) 1 , 1 , 0
2 RETURN 
END
F o r t r a n S u b r o u t i n e M I E F 5
' SUBROUTINE M I E F 6 ( X , M, PSCA, AN, BN, N)
COMPLEX WN, WNM1, WNM2, AN, BN, C1, C2 
DIMENSION AN( 2 5 0 ) , BN( 2 5 0 )
REAL M
LM = I F I X  ('1 „ 2*X)  + 9 
PSCA = 0 . 0  
N = 0
R2NP1 = 1 . 0  
Y =■ M*X
ANY = C O S ( Y ) / S I N ( Y )
WN = CMPLX( S I N ( X ) ,  COS(X)  )
WNMl = CMPLX(AIMAG(WN), -REAL(WN) )
1 N = N + 1
RN = FLOAT (N)
R2NP1 = R2NP1 + 2 . 0  
WNM2 = WNMl- 
WNMl = WN 
• WN = WNMl* (R2NP1 -  2 . 0 ) /X -  WNM2 
T1 = RN/Y 
ANYM1 = ANY
ANY = 1 . 0 /  (T1 -  ANYM1) -  T1
XRN = RN/X
Tl* = ANY/M + XRN
T2 = ANY*M + XRN
Cl  = ( T1* RE AL( WN) -  REAL(WNMl) ) / (T1*WN -  WNMl)
C2 = (T2*REAL(WN) -  REAL(WNMl) ) / (T2*WN -  WNMl)
AN (N) = Cl  
BN(N) = C2
ABMOD = SQRMOD(Cl)  + SQRMOD (C2)
PSCA = PSCA + R2NP1 * ABMOD
I F  ( (ABMOD/ RN) -  0 . 1 E - 1 3 )  2 , 0 , 0
I F  (N -  LM) 1 , 1 , 0  '
2 RETURN 
END
F o r t r a n S u b r o u t i n e M I E F 6
SUBROUTINE S 1 S 2 F ( A N , BN, NTERMS, T H E T A , S I F , S 2 F , S I B , S2B)  
COMPLEX A N , B N , S I F , S 2 F , S I B , S 2 B , ATAU, BTAU, A P I , B P I  
DIMENSION AN(NTERMS) , BN(NTERMS)
SI F  = ( O . O , 0 . 0 )
S2F = ( 0 . 0 , 0 . 0 )
SI B = ( 0 . 0 , 0 . 0 )
S2B = ( 0 . 0 , 0 . 0 )
CSTI1E = COS (THETA)
N = 1 
RN = 1 . 0  
PNM1 = 0 . 0  
PN = 1 . 0  
TN = CSTHE 
GO TO 2
1 N = N + 1
RN = FLOAT(N)
PNM2 = PNM1 
PNM1 = PN
PN = ( ( 2 . 0  * RN -  1 . 0)*CSTHE*PNM1 -  RN*?NM2) / ( RN -  1 . 0  
TN = RN*PN*CSTHE -  (RN + 1 . 0 ) * P NM1
2 F = ( 2 . 0 * RN + 1 . 0 ) / (RN*(RN + 1 . 0 ) )
API  = AN(N)*PN
BPI  = BN ( N) *PN
ATAU = AN( N) *  TN
BTAU = BN(N) *  TN
SI F  = S I F  + F * ( A P I  + BTAU)
S2F = S2F + F*(ATAU + BP I )
RM1.TN = - 1 . 0
I F  ( ( N / 2 ) * 2 . E Q . N  ) RM1TN = 1 . 0  
SIB = SIB + F*RM1TN*(BTAU -  API )
S2B = S2B + F*RM1TN*(ATAU -  BP I )
I F  (N -  NTERMS) 1 , 0 , 0
RETURN
END
F o r t r a n  S u b r o u t i n e  S 1 S 2 F
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Name Fortran Program EXTSCAF
F u n c t i o n
I n p u t
C a l c u l a t e s  t h e  t o t a l  E x t i n c t i o n  a n d  S c a t t e r i n g
2 3c r o s s  s e c t i o n s  ( i n  m ) f o r  1 m o f  a e r o s o l  w i t h  
t h e  H a z e  L s i z e  d i s t r i b u t i o n  f u n c t i o n .
I n p u t  C h a n n e l  1 = C a r d  R e a d e r
The  d a t a  i s  s u p p l i e d  on  c a r d s  w h i c h  a r e  p u n c h e d  
a c c o r d i n g  t o  t h e  FORMAT s t a t e m e n t s  i n  t h e  p r o g r a m .  
The  c o n t e n t s  o f  f i v e  c a r d s  a r e  s hown on  p a g e  A21 ;  
t h e  h e a v y  l i n e s  i n d i c a t e  t h e  f i e l d s  i n t o  w h i c h  t h e  
c a r d s  a r e  d i v i d e d .
The  n u m b e r  o f  c a s e s  ( 2 )  i s  on  c a r d  1 .
E a c h  c a s e  c o n s i s t s  o f  t wo c a r d s ;  t h e  f i r s t  c a r d
c o n t a i n s :  A n - n T n d i f f
i . e .  t h e  w a v e l e n g t h  ( i n  n m ) , t h e  r e a l  a n d  i m a g i n a r y
p a r t s  o f  t h e  ( c o m p l e x )  r e f r a c t i v e  i n d e x ,  a n d  t h e
n u m b e r  o f  p a r t s  i n t o  w h i c h  t h e  i n t e g r a l  i s  t o  be
d i v i d e d .
The  s e c o n d  c a r d  o f  e a c h  c a s e  c o n t a i n s  t h e  l i m i t s  o f  
x a n d  t h e  i n c r e m e n t s  t o  b e  u s e d  i n  e a c h  p a r t  o f  t h e  
i n t e g r a t i o n ;  f o r  e x a m p l e ,
x^ d x ! x T d x "  x "  d x ' 1 1 X£
I n  t h i s  c a s e  t h e  i n t e g r a l  b e t w e e n  x^  a n d  x^  i s  
e v a l u a t e d  i n  t h r e e  p a r t s  ( n d i f f  = 3 ) .
O u t p u t
Commen t  s
O u t p u t  C h a n n e l  6 = L i n e p r i n t e r
An e x a m p l e  o f  t h e  o u t p u t  f r o m  t h i s  p r o g r a m  i s  s hown  
on  p a g e  A22 ;  t h e s e  a r e  t h e  r e s u l t s  c a l c u l a t e d  f r o m  
t h e  d a t a  on  p a g e  A21 .
The  p r o g r a m  i s  l i s t e d  on  p a g e s  A18 -  A20 .
The  DIMENSION s t a t e m e n t  i m p o s e s  l i m i t a t i o n s  on  t h e  
d a t a .  The  i n t e g r a l  may n o t  b e  d i v i d e d  i n t o  m o r e  t h a n  
t h r e e  p a r t s ;  i . e .  n d i f f  1 ,  2 ,  o r  3 .  The  l i m i t s  a n d  
t h e  s i z e  o f  t h e  i n c r e m e n t  m u s t  b e  s u c h  t h a t  t h e  
n u m b e r  o f  i n c r e m e n t s  d o e s  n o t  e x c e e d  500  i n  any- o n e  
p a r t  o f  t h e  i n t e g r a l .
The p r o g r a m  i s  w r i t t e n  f o r  a c o m p l e x  r e f r a c t i v e
i n d e x  a n d  u s e s  t h e  s u b r o u t i n e  M I E F 1 ; i t  c a n  e a s i l y
b e  m o d i f i e d  f o r  a r e a l  r e f r a c t i v e  i n d e x ,  i n  w h i c h
c a s e  s u b r o u t i n e  MIEF2 w i l l  be  r e q u i r e d .
T h i s  p r o g r a m  i s  f o r  t h e  H a z e  L s i z e  d i s t r i b u t i o n
2 1f u n c t i o n ;  i . e .  n ( r )  = a r  e x p ( - b r 2 ) .  The  c o n s t a n t s  
a a n d  b a r e  a s s i g n e d  v a l u e s  i n  l i n e s  05 a n d  0 6 ;  t h e  
f u n c t i o n  i s  e v a l u a t e d  i n  l i n e  3 3 ,  a n d  i t s  n a me  i s  
p r i n t e d  b y  t h e  FORMAT s t a t e m e n t  i n  l i n e  5 0 .  T h u s  
t h e  p r o g r a m  c a n  b e  e a s i l y  a l t e r e d  f o r  a d i f f e r e n t  
s i z e  d i s t r i b u t i o n  f u n c t i o n  by  c h a n g i n g  t h e s e  f o u r  
1 i n e s .
F o r  t r a n P r o g r a m  E X T S C A F
OUTPUT 6 = LPO 
INPUT 1 -  CRO
MASTER EXTSCAF 01
COMPLEX M 02
DIMENSION ARC( 7 ) , C E X T ( 5 0 1 ) , C S C A ( 5 0 1 )  03
P I  = 3 . 1 4 1 5 9 2 6 5 3 6  04
A = 0 . 4 9 7 5 7 E + 0 7  05
B = 1 5 . 1 1 8 6  06
WRI TE( 6 , 2 0 0 )  A, B 0 7
READ( 1 , 1 0 0 )  NOL . ■ 08
DO 1 1 = 1 , . NOL 09
READ( 1 , 1 0 1 )  L , M , N D I F F , ( A R G ( J ) , J  = 1 ,  ( 2*NDI FF + 1 ) )  10
Cl  = F L O A T ( L ) / ( P I * 2 0 0 0 . 0 )  11
C2 = A * F L 0 A T ( L ) * C l * C l * 0 . 1 E - 0 8  12
EXT = 0 . 0  13
SCA = 0 . 0  14
J  = 0 15
5 J  =• J  + 2 16
X = ARG( J  -  1)  17
DX = ARG( J )  . 1 8
UX = ARG( J  + 1 )  19
INC = I F I X ( (UX -  X) / DX)  20
I F  ( INC -  ( I N C / 2 ) * 2 )  0 , 2 , 0  " 21
INC = INC + 1 22
DX = (UX -  X) / F LOAT ( I NC)  23
ARG( J )  = DX  ^ 24
2 NOORD = INC + 1  . 25
I F  (NOORD -  501) '  3 , 3 , 0  26
WRI TE( 6 , 2 0 1 )  INC 27
GO TO 1 28
3 R = X*C1 2 9
DR = D X * C1 30
K = 0 3.1 '
4 K = K + 1 32.
ASDF = R * R * E X P ( - B * S Q R T ( R ) ) 33
CALL MI EF 1 ( X, M, P EXT, PS CA)  34
CEXT(K)  = ASDF*PEXT 33
CSCA(K)  = A S D F * P S C A 36
X = X + DX 37
R = R + DR 38
I F (K -  NOORD) 4 , 0 , 0  39
EXT = EXT + SIMP(CEXT, DX, NOORD)  40
SCA = SCA + SIMP(CSCA, DX, NOORD)  41
I F  ( J  -  2*NDI FF)  5 , 0 , 0  4 2 -
EXT = EXT*C2 43
SCA = SCA* C2 44
WRITE (6 , 2 0 2 )  L ,‘M, EXT , SCA, (ARG ( J )  , J  = 1 ,  ( 2*NDI FF + 1 ) ) 4 5
1 CONTINUE  ^ 46
STOP 4 7
100  FORMAT( 1 5 )  ' 48
101 F O R M A T ( I 5 , 2 F 1 5 . 0 , 1 5 / 7 F 1 0 . 0 )  49
200  FORMAT(1H1, 14H HAZE L A = , E 1 2 . 5 , 6 H  B = , F 8 . 4 / / )  50
201  FORMAT(23H NUMBER OF INCREMENTS = , 1 5 ,  51
1 13H EXCEEDS 5 0 0 / / / )  52
202  FORMAT( / 13H WAVELENGTH = , I 5 , 3 H  NM, /  53
1 27H AEROSOL REFRACTIVE INDEX = , 2 F 1 0 . 5 , /  54
2- 27H-EXTINCTION CROSS SECTION = , E 1 3 . 6 ,  55
3 34H (SQUARE M PER CUBIC M OF AEROSOL) /  56
4 27H SCATTERING CROSS SECTION = , E 1 3 . 6 , 1 3 H  (SAME U N I T S ) / 57
5 37H LI MI TS OF INTEGRATION AND INCREMENTS, / 2 0 X , 58
6 F 7 . 3 , 3 ( 2H ( , F 7 . 3 , 2 H )  , F 7 . 3 )  ) 59
END 60
SUBROUTINE M I E F 1 ( X , M, PEXT, PSCA)
( s e e  p a g e  A2) . ~ * •
FUNCTION SIMP (Y,  II,  N)
( s e e  p a g e  A20)
F I NI S H
FUNCTION S I MP ( Y, H , N)
DIMENSION Y( N)
SE = 0 , 0  
SO = 0 . 0
DO 1 I  = 2 ,  (N -  1)  , 2.
1 SE = SE + Y ( I )
DO 2 I  = 3 ,  (N -  2)  , 2
2 SO = SO + Y ( I )
SIMP = H * ( Y ( 1 )  + Y( N) + 2 . 0 *  (SO +
RETURN
END
2 . 0 * S E ) ) / 3 . 0
F o r t r a n  F u n c t i o n  SIMP
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N a m e A l g o l  6 8 P r o g r a m  M A T R I X L A
F u n c t i o n
I n p u t
V
C a l c u l a t e s  t h e  e l e m e n t s  o f  t h e  S c a t t e r i n g  m a t r i x ,
i ^ ( 0 ) ,  i ^ C © ) ,  i ^ ( 0 ) >  i ^ ( 0 )  i n  u n i t s  o f  m^ ' . s r ,  ^
3f o r  1 m o f  a e r o s o l  w i t h  t h e  Ha z e  H s i z e  
d i s t r i b u t i o n  f u n c t i o n .
STANDIN = C a r d  R e a d e r
The  d a t a  r e q u i r e d  b y  t h i s  p r o g r a m  a r e  s hown  on  
p a g e  A28.
The  f i r s t  c a r d  c o n t a i n s :  0 n t e r m s  n o l
0 i s  t h e  a n g l e  ( e x p r e s s e d  i n  d e g r e e s )  a t  w h i c h  t h e  
e l e m e n t s  o f  t h e  S c a t t e r i n g  m a t r i x  a r e  t o  be  
e v a l u a t e d .
n t e r m s  i s  t h e  maxi mum n u m b e r  o f  t e r m s  w h i c h  w i l l  be
r e q u i r e d  i n  t h e  i n f i n i t e  s e r i e s  d u r i n g  t h e  e x e c u t i o n
o f  t h e  p r o g r a m ;  i f  x max i s  t h e  l a r g e s t  v a l u e  o f  x
c o n t a i n e d  i n  t h e  w h o l e  s e t  o f  d a t a  c a r d s ,  t h e n
n t e r m s  = 1 . 2x  + 9 .
max
n o l  i s  t h e  n u m b e r  o f  w a v e l e n g t h s  a t  w h i c h  t h e  
c a l c u l a t i o n s  a r e  t o  b e  p e r f o r m e d .
I n  t h i s  p a r t i c u l a r  e x a m p l e ,  t h e r e  a r e  t wo d a t a  c a r d s  
f o r  e a c h  w a v e l e n g t h .  The  f i r s t  c a r d  c o n t a i n s :
X n n d i f f
i . e .  t h e  w a v e l e n g t h  ( i n  n m ) , t h e  ( r e a l )  r e f r a c t i v e  
i n d e x ,  a n d  t h e  n u m b e r  o f  p a r t s  i n t o  w h i c h  t h e  
i n t e g r a l  i s  t o  b e  d i v i d e d .
T h i s  i s  f o l l o w e d  by  o n e  o r  m o r e  c a r d s  c o n t a i n i n g  t h e  
l i m i t s  o f  x a n d  t h e  i n c r e m e n t s  ( d x )  t o  b e  u s e d  i n
O u t p u t
Comment s
e a c h  p a r t  o f  t h e  i n t e g r a t i o n ; e . g .  f o r  n d i f f  = 2 ,  
x^  d x f x ’ d x "  x 2 
I n  t h i s  c a s e  t h e  i n t e g r a l  b e t w e e n  x^ a n d  Xp i s
e v a l u a t e d  i n  t wo p a r t s .
STANDOUT = L i n e p r i n t e r
An e x a m p l e  o f  t h e  o u t p u t  f r o m  t h i s  p r o g r a m  i s  s h o wn  
on  p a g e  A29 .  The  n o t a t i o n  i s  a s  f o l l o w s :
I 1 F ,  I 2 F ,  I 3 F ,  I 4 F  a r e  t h e  f u n c t i o n s  i ^  ( 0 )  
f o r  j  = 1 ,  2 ,  3 ,  4 ,  a n d  I 1 B ,  I 2 B ,  I 3 B ,  I 4B a r e  
t h e  f u n c t i o n s  i j ( 1 8 0 °  - 0 ) .
The  p r o g r a m  i s  l i s t e d  on  p a g e s  A25 -  A27 .
V a l u e s  o f  0 g r e a t e r  t h a n  9 0 °  s h o u l d  n o t  be  s u p p l i e d
b e c a u s e  t h e  p r o g r a m  a u t o m a t i c a l l y  e v a l u a t e s  t h e
f u n c t i o n s  f o r  b o t h  0 a n d  1 8 0 °  - 0 . ’ ' «
2The  s i z e  d i s t r i b u t i o n  i s  H a z e  H,  n ( r )  = a r  e x p ( - b r )  . 
V a l u e s  a r e  a s s i g n e d  t o  t h e  c o n s t a n t s  a a n d  b i n  
l i n e  2 o f  t h e  p r o g r a m ,  a n d  t h e  f u n c t i o n  i s  w r i t t e n  
a s  a p r o c e d u r e  ’ PROC’ N i n  l i n e  3.
The  p r o g r a m  i s  w r i t t e n  f o r  a r e a l  r e f r a c t i v e  i n d e x  
b u t  i t  c a n  e a s i l y  b e  m o d i f i e d  f o r  a c o m p l e x  
r e f r a c t i v e  i n d e x ,  by  a l t e r i n g  t h e  p r o c e d u r e  INTENSA
• . A l g o l  68 P r o g r a m  MATRIXLA 
ALGOL68R MATRIXLA
’ BEGIN* ’ REAL’ A = 4 . 0 & + 0 5 ,  B = 2 0 . 0 ;
’ PROC’ N = ( ’ REAL’ R) ’ REAL’ : ( R*R*EXP( ~B*R)  ) ;
’ PROC’ ANGULARA = ( ’ REAL’ THETA,  ’ I N T ’ NTERMS,
’ R E F ’ [ ] ’ REAL’ P I E , T A U ) ;
( ’ REAL’ CST1IE = C0S(THET A* P I / 1 8 0 . 0 ) ;
’ REAL’ PN, PNM1:= 0 . 0 ;  . *
P I E [ 1 ] : = P N: =  1 . 0 ;
TAU[ 1 ] : =  CSTHE;
’ FOR’ N ’ FROM’ 2 ’ TO’ NTERMS ’ DO’ - 
( ’ REAL’ PNM2 = PNM1;
PNM1: = -PN;
' P I E [ N] := P N : = ( (2*N - 1 ) *  C STHE*PNM1 -  N*PNM2) / CN -  1 
TAU[ N] : = N*PN*CSTHE -  (N + 1)*PNM1 ) .) ;
’ PROC'  INTENSA = ( ’ REAL’ X,M,  ’ R E F ’ [ ] ’ REAL’ P I E , T AU , R A)  
( ’ PROC’ MODSQR = ( ’ COMPLEX’ Z) ’ REAL’ :
(RE ’ OF ’ Z*RE ’ O F ’ Z + IM ’ O F ’ Z*IM ’ OF ’ Z ) ;
’ I N T ’ N 2 P 1 : =  1;
’ REAL’ Y = M*X;
' BOOL'  CHECK:= ’ TRUE’ ;
’ REAL’ ANY:= 1 . 0 / T A N ( Y ) ;
'COMPLEX'  WN:= SI N( X)  ? COS( X) ,
WNMl:= IM ’ O F ’ WN ?- RE ’ O F ’ WN, S 1 F : =  0 . 0  ? 0 . 0 ,
S 2 F : = 0 . 0  ? 0 . 0 ,  S 1 B: =  0 . 0  ? 0 . 0 ,  S 2 B: =  0 . 0  ? 0 . 0 ;  
’ FOR’ N ’ TO’ ( ’ ROUND'  ( 1 . 2*X)  + 9)  ’ WHILE’ CHECK ’ DO'
( ’ REAL’ NY = N/ Y,  NX = N/ X,  ANYM1 = ANY;
ANY:= 1 . 0 / (NY -  ANYM1) -  NY;
N2P1 ’ PLUS’ 2 ;
'COMPLEX'  WNM2 = WNMl;
WNMl: = WN;
WN: = WNMl*(N2P1 -  2 ) / X  -  WNM2;
’ REAL’ T1 = ANY/M + NX, T2 = ANY*M + NX;
. ' COMPLEX’ AN = ( T I * RE ' O F '  WN -  RE ' O F '  WNM1)/
(T1*WN -  WNM1),
BN = ( T 2 * RE ' O F '  WN -  RE ' OF '  WNM1)/
(T2*WN -  WNM1) ,
API '  = AN * P I E  [ N ] , E P I  = B N * P I E [ N ] ,
ATAU = AN*TAU[N] ,  BTAU = BN*TAU[ N ] ;
CHECK:= (MODSQR(AN) + MODSQR(BN)) /N >= 0 . 1 & - 1 3 ;
' REAL'  F = N 2 P 1 / (N* (N + 1 ) ) ;
S1F ' P LUS '  F * ( A P I  + BTAU);
S2F ' P L US '  F * ( B P I  + ATAU);
' REAL'  M1TN = ' I F '  ' ODD’ N ' THEN'  - 1 . 0  ' E L S E '  1 . 0  ' F I ' * F ;  
SIB ' P L US '  M1TN'* (BTAU--  A P I ) ;
S2B ' P L US '  M1TN*(ATAU -  BPI )  ) ;
RA[ 1] := MOD S QR( S I F ) ;
RA[ 2 ] : =  MODSQR( S 2 F ) ;
' COMPLEX'  TEMP: = S 1 F * ' CONJ ' S 2 F ;
RA[ 3 ] : =  RE ' OF ' TEMP;
RA[ 4 ] : =  IM ' O F '  TEMP;
RA[ 5 ] : =  MODSQR( SI B) ;
RA[ 6] := MOD SQR ( S2 B) ;
TEMP: = S 1 B * ' C 0 N J ' S 2 B ;
R A [ 7] := RE ' O F ' TEMP ;
RA[ 8 ] : =  IM ' O F '  TEMP ) ;
READ( (THETA, NTERMS, NOL) ) ;
OUTF(STANDOUT, $"THETA = " < 3 . 2 > 2 0 X , " A  = " < 1 . 2 &2>10X,
"B = " < 2 > L $ , ( T H E T A , A , B ) ) ;
[ 1 :NTERMS] ' REAL'  P I E , T A U ,  [ 1  : 8] ' REAL' R A , S C A , Y 1 , YE, YO; 
ANGULARA(THETA,NTERMS, P I E , TAU) ;
' T O '  NOL ' DO'
( ' I N T '  L , N D I F F ; ' REAL'  M; READ( ( L , M, NDI F F ) ) ;
' I N T '  LIM = 2*NDI FF + 1 ;  [ 1: LIM]  ' REAL'  -ARG; READ( ARG) ;
' REAL'  Cl  = L /  ( 2-0 0 0 . 0 * P I ) , C2 = A * C 1 * C 1 * C 1 * 1 . 0 &- 0 6  ;
' FOR'  I  ' TO '  8 ' DO'  SCA[ I  ] := 0 . 0 ;
’ FOR’ J  1 FROM' 2 ’ TO* (LIM -  1)  ’ DO’
( ' REAL'  X := ARGf J  -  l ] ,  DX: = ARG [ J  ] ;
' REAL'  UX = ARG [J  + l 3 ;
' I N T '  I N C := ' ROUND' ( ( UX -  X ) / D X ) ;
' I F '  ' ODD' I NC ' THEN'  INC ' P L U S '  1 ;
ARG[ J  3 : “ DX:= (UX -  X ) / I N C  ' F I ' ;
' FOR'  I  ' TO '  8 ' DO'  Y E [ I ] : =  Y O [ I ] : =  O. O;
' REAL'  R : =  X*C1;  ' REAL'  DR = DX*C1,  ASDF = N ( R ) ;
I NTENSA( X, M, P I E , TAU, R A ) ;
' FOR'  I  ' T O '  8 ' DO'  Y 1 [ 1 3 : = R A [ l ] * A S D F ;
X ' P LUS '  DX; R ' P L US '  DR;
' FOR'  K ' FROM'  2 ' T O '  ( INC + 1)  ' DO'
( ’ REAL’ .ASDF = N ( R ) ; I NTENSA( X, M , P I E , TAU, R A ) ;
• ’ I F ’ ' ODD' K ' THEN'  - ■
' FOR'  I  ' T O '  8 ' DO'  Y O [ I ]  ' P LUS '  RA[ I ] * ASDF  ' E L S E '
' FOR'  I  ' T O '  8 ’ DO'  YE [ I  ] ' P LUS '  RA[ I ] * ASDF ' F I ' ;
X ' P L US '  DX; R ' P LUS '  DR ) ;
' FOR'  I  ' T O '  8 ' DO'  SCA[ I ] ' P L US '
D X * ( Y l [ l ]  + 2 . 0 * ( Y 0 [ l ]  + 2 . 0 * Y E [ l ] )  -  R A [ I ] ) / 3 . 0  ) ;  
' FOR'  I  ' TO '  .8 ' DO'  SCA [ I  ] ' T I ME S '  C 2 ;
' REAL'  ADD1 = 0 . 5 * ( S C A [ 1 ]  + S C A [ 2 j ) ,
ADD2 = 0 . 5 *  ( SCA[ 5 ]  + S C A [ 6 ] ) ;
FORMAT(STANDOUT,g4L"WAVELENGTH = " < 4 > L ,  .
"AEROSOL REFRACTIVE INDEX = " < 1 . 2 > L , " I 1 F  = " < 1 . 5 & 2 > L ,  
" I 2 F  = " < 1 . 5 & 2 > L , " I 3 F  = " < 1 . 5 &2>L, " I 4 F  = " < 1 . 5 & 2 > 2 L ,
" I 1B = " < 1 . 5 & 2 > L , " I 2 B  = " < 1 . 5 & 2 > L , " I 3 B  = " < 1 . 5 & 2 > L ,
" I 4B = " < 1 . 5 & 2 > 2 L , "  ( I 1 F  + I 2 F ) / 2  = " < 1 . 4 & 2 > L ,
" ( I I B  + I 2 B ) / 2  = " < 1 . 4&2>2L,
" LI MI TS OF INTEGRATION AND INCREMENTS"2L15X 
N(LI M)  ( < 3 . 3 > " , " ) # )  ;
OUT( STANDOUT, ( L, M, SCA, ADD1, ADD2, ARG) ) )
' END'  ' F I N I S H '
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MINUTES OF THE TECHNICAL MEETING TC - 2-2
16 September 1975
Chairman: Prof. Dr. A. Lompe
The Chairman proposed the following agenda which was 
agreed:
Chairman’s introduction.
Paper by A. \V. S. Tarrant and J. R. Brock (GB) “Distribu­
tion of daylight in the UV-Region”.
Paper by G. S. Sarichev et al. “The use of the optical range 
spectrum Radiation in Technological Processes”. 
Discussion of the two papers.
Discussion of future progress.
1. The Chairman advised that the present TC - 2-2 would be 
discontinued. It has been suggested that the activities on UV
and IR sources will be transferred to TC -2-1 (Japan), the 
activites concerning photobiological effects and the coopera­
tion with CIP will be transferred to a new Committee TC - 3-7 
formed from Study group E, Chairman Thorington (USA). 
Detectors and radiometric instruments could be the future 
work of TC r 2-2. The Secretariat may be Hungary (Chairman: 
Schanda).
Special attention should be given on the future activities on 
the accurate knowledge of the spectral distribution of solar 
and global radiation. This will be discussed under item 4 of 
the agenda.
2. Paper of Tarrant. %
P- 75-23
Further studies of the spectral power distribution of daylight in the ultraviolet region
A. W. S. Tarrant and J. R. Brock*
RESUME
On rapporte les recherches actuelles dans la repartition spectrale du rayonnement diume a l’Universite du Surrey, ainsi 
queles etudes des facteurs atmospheriques susceptibles d’affecter la lumiere du jour. Une attention particuliere a ete donnee a la 
region UV. Les resultats obtenus continuent a demontrer une teneur UV plus importante que celle indiquee par les chiffres de 
la CIE. II y a des indices pouvant montrer que la teneur UV de la lumiere du jour type varie de lieu en lieu.
SUMMARY
The current investigations of the spectral power distribution of daylight at the University of Surrey are reported, together 
with studies of the atmospheric factors which may effect daylight. Particular attention has been given to the UV region. The 
results obtained continue to show higher UV contents than those indicated by the CIE figures. There is some indication that 
the UV content of typical daylight varies from place to place.
ZUSAMMENFASSUNG
Es wird iiber die zur Zeit an der University of Surrey stattfindenden Untersuchungen der spektralen Strahlungsverteilung 
von Tageslicht berichtet und auch iiber die Untersuchungen der atmospharischen Faktoren, die auf das Tageslicht einwirken. 
Insbesondere wurde das U V-Gebei t beriicksichtigt. Die Ergebnisse zeigen weiterhin einen grosseren U V-Gehalt als die von der CIE 
veroffentlichten Werte. Es sind Anzeichen vorhanden, dass der UV-Gehalt des typischen Tageslichts von Ort zu Ort verscheiden 
ist.
* University o f  Surrey, England.
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INTRODUCTION 1 .0  “
For some years measurements of the spectral power distribu­
tion of daylight have been carried out at the University of 
Surrey [1], and some of this work was described at the 17th 
Session of the CIE in Barcelona in 1971 [2]. This paper describes 
more recent work, concerned mainly with the ultra-violet 
region of the spectrum and with some of the atmospheric 
factors which affect daylight.
EXPERIMENTAL TECHNIQUE
The apparatus used is the same as that described in the 1971 
paper [2], so a detailed description will not be given here. 
Basically it was a single-beam spectroradiometer, employing 
an Optica CF 4 monochromator and a photomultiplier of wide 
spectral range. The spectrum from 300-800 nm could be 
scanned in about 2 1/2 minutes, whilst the spectrum was 
sampled at every 1 nm point. The instrument was calibrated 
three times daily by reference to a glass envelope tungsten 
lamp running at the colour temperature of standard illumi- 
nant A, which was used as a working standard. This lamp 
was in turn calibrated by reference to a quartz-window tung­
sten ribbon lamp operating at the same colour temperature, 
whose energy distribution was derived from figures prepared 
by Jones [3], and based on the work of de Yos [4].
The apparatus and calibrations have been improved, by use 
of a photomultiplier which has increased sensitivity in the 
UV region, and by the use of a new and recently calibrated 
standard lamp. The arrangements for sampling the light 
were not changed) light from the sky was allowed to fall on a 
surface painted with the special high-reflectance Eastman 
Kodak white paint, set at 45° to the vertical facing either due 
North or due South, and light from this entered the mono­
chromator. The calibrating sources were used with a similar 
screen, coated with the same paint.
0.5 I - ----------------------   j ;---------------------—1
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Wavelength ( nm)
F ig u r e  1
Comparaison des anciens et nouveaux calibrages dans la region U V . 
Le rapport E2/E1 est le rapport des energies spectrales relatives obtenu  
a chaque longueur d’onde p a r ie s  nouveaux (E2) et anciens (E l)  calibrages
F ig u r e  1
Comparison o f  old and new  calibrations in the U V  region. T he ratio 
E2/E1 is the ratio o f  the relative spectral energies obtained at each 
wavelength from th e new  (E2) and old (E l)  calibrations
B il d  1
Vergleich alter und neuer Eichungen im U V . D as Verhaltnis E2/E1 
wurde von den spektralen Strahlungsverteilungen eincr bestimmten 
WeOenlange m it der neueun Eichung (E2) tind der alter Eichung (E l)  
gerechnet
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Figure 2
U n spectre de lumiere du jour d ’expositien Sud typique (CCT 5 500 K)
Figure 2
A  typical South facing Daylight spectrum (CCT 5,500 K ) 
Bild 2
Ein typisches Tageslichtspektrum, Siidansicht
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The paper presented to the Barcelona meeting was intended 
as an interim report. At that time, the author was not entirely 
confident about the calibration of the apparatus. By reference 
to our new calibrating lamp, it was evident that our 1971 
calibrations were slightly in error in the UV part of the 
spectrum, though they were satisfactory in the visible range. 
We have therefore re-calculated all of our 1971 results and 
they are presented here together with our more recent ones. 
The effect of the recalibration was to slightly lower the values 
of relative energy in the UV region, as indicated in figure 1.
In all, 178 measurements were made, of which 95 were in 
the 1971 series and 83 in the 1974 series. All of the measure­
ments were made at the same location — the disused “brook- 
lands” motor racing track near Weybridge, Surrey.
The spectra were recorded at 1 nm wavelength intervals, 
and a typical spectrum is shown in figure 2. In this figure the 
abscissa represents wavelength, and the ordinate the amount 
of energy per unit waveband relative to that of 560 nm. The 
value at 560 nm is arbitrarily taken as 100; in discussing 
these results it is important to bear in mind that these figures 
relate to relative spectral power distributions, and not absolute 
ones. It will be seen from figure 2 that a daylight spectrum, 
when recorded at 1 nm intervals, is quite complex. In order to 
compare our results with those of other workers we have 
“agglomerated” our results, i.e. the results over each 10 nm 
section have been integrated and the other curves shown here 
are drawn through the 10 nm mean points.
In considering results of this kind, it is normal practice to 
classify the spectra in terms of the 1931 chromaticity coordi­
nates or of the corresponding correlated colour temperature. 
In common with other workers [5, 6, 7], we have found that 
the spectral power distribution in the UV region is much 
more variable than m the visible, and this raises the question 
“How should daylight spectra be classified for UV content?” 
For example, it could be done by reference to the erythemic 
effect that might be produced, or reference to one of the many 
other non-visual effects of radiation. It remains an open 
question. For convenience and simplicity we have adopted 
two methods. First, we have used the ratio of energy in the
similar approaches have been used by other workers [5, 6, 7]. 
Second, since there is much interest in the effects of ozone 
absorption at shorter wavelengths we have chosen another 
ratio: that of energy in the 300-329 nm waveband to that 
of the 300-699 nm waveband. We will refer to the first of these 
as the “UV ratio” and the second as the “Short UV ratio” ; 
these terms are demonstrated in figure 3.
The UV ratio obtained for each distribution recorded is 
plotted against the correlated colour temperature in figure 4 
and the variability of the UV region is immediately obvious. 
For a given value of correlated colour temperature, the UV 
ratio may vary by 0.016. Other workers in widely different 
locations [5, 6, 7] have remarked upon this variation. Our 
results are superimposed on mean curves obtained by Hen­
derson [5] and Winch [6] in figure 5. It should be noted that 
our results are for almost the whole of the sky, and con­
sequently the range of colour temperatures observed is lower 
than that for the other workers, who have included results 
pertaining to particular parts of the sky, of small area. In 
view of the interest in erythemic and other biological effects 
of UV radiation, it was decided to attempt to correlate the 
UV ratio and short UV ratio with various atmospheric factors 
which might be expected to influence the proportion of UV 
radiation in daylight.
FACTORS WHICH MAY AFFECT THE UV CONTENT
The attenuation o f  solar radiation depends on its path 
length through the atmosphere. The position of the sun may 
be described by the solar zenith angle (z); z =  90° at sunrise 
and sunset, and z =  0° when the sun is directly overhead. The 
relative air mass is defined by
_  Path length through atmosphere for zenith angle z 
m Path length for z =  0°
then m =  sec z for z <  75° (i.e. ignoring the curvature of the 
earth, and atmospheric refraction).
Figure 3.
Puissance relative U V  
et Puissance relative U V  court.
Figure 3.
U V  ratio and Short U V  ratio.
Bild 3.
UV- verhaltnis und kurz U V- verhaltnis.
Short UV Ratio =  A_
A+B+C
UV Ratio =  A+B
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386
La variation du “UV ratio” avec la temperature 
de couleur correlative.
F i g u r e  4 .
The variation o f  “UV ratio”
with Correlated Colour Temperature.
B ild  4.
Die Veranderung des “UV- verhaltnisses’ 
in Beziehung zur Farbtemperatur.
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Figure 5.
Comparaison du “U V  ratio” avec ceux d ’autres chercheurs.
(Les points indiques sont ceux qui ont ete trouves par les metreurs.)
Figure 5.
Comparison o f  *'UV ratio” with those o f  other workers.
(The points indicated are those obtained by the authors.)
Bild 5.
Vergleich des “U V - verhaltnisses” mit denen anderer A utoren. 
(D ie Ergebnisse der hier behandelten Untersuchungen sind 
durch Punkte angezeigt.)
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approx*mations; the irradiance due to direct sunlight on a 
plane perpendicular to the sun’s rays is
H(X) =  Ho(X> exp (—mD)
Ho(/-) is the extraterrestrial solar irradiance at wavelength X, 
and D is the total optical density of the atmosphere for 
m =  1. The optical density has three components, Rayleigh 
scattering, Aerosol scattering and ozone absorption; their 
relative magnitudes are shown in figure 6 (from Elterman [8]). 
(The absorptions of Water Vapour and Oxygen at X. > 700 nm 
will not be discussed here). The contribution from Rayleigh 
scattering can be regarded as constant, so H(k) depends on the 
atmospheric aerosol, ozone and air mass. It would be expected 
that South facing spectra with direct sunlight would approxi­
mate to this model when m is small and the sky is cloudless. 
Skylight alone (e.g. North facing spectra for clear skies) 
shows a more complex dependence on these factors. In 
practice, there are at least four variables to be considered: 
aerosol, ozone, air mass and cloud cover. To investigate the 
effect of one of these factors it is necessary to obtain spectra in 
which all of the other variables are unchanged — such condi­
tions rarely occur.
SOLAR ZENITH ANGLE (AIR MASS)
auu me minimum waveiengin oecomes snorter, i.e. ior a 
specific measuring device the atmospheric absorption edge 
moves “sideways”. The effect as calculated for the simple 
model is shown in figure 8. Some of our results show this 
effect, but in view of the confusion caused by the other variable 
factors it has not so far been possible to establish a definite 
correlation.
ATMOSPHERIC OZONE
The amount of ozone in the path of sunlight through the 
atmosphere depends on path length and concentration, so it is 
proportional to m x t, where t is the total ozone content for 
m =  1. A dependence o f the short UV ratio on the ozone 
content would be expected. It was assumed that t is constant 
during any one day, and the short UV ratio was plotted 
against m x t  for five o f the days of measurements. On any 
one day, the short UV ratio will decrease with increasing m x t  
because of the dependence on m. It is the comparison between 
different days which is important, i.e. short UV ratio would 
depend o n m x t  only if all other conditions were unchanged. 
The problem can be seen from figure 9, where differing 
conditions from day to day, e.g. cloud, produce a wide range 
of values of short UV ratio for each value of m x t .  ■
The simple model suggests that the UV ratio decreases as an 
exponential function of m. To test this prediction the UV 
ratios for each day’s measurements were plotted against m. 
On relatively cloudless days the UV ratios for south facing 
spectra increased with decreasing values of m; one of the 
results is shown in figure 7, and confirms the prediction. The 
scatter of the points is caused by variations in the quantity 
and distribution of clouds during the day.
Another variable which depends On m is the so-called 
“minimum wavelength”, the shortest wavelength at which UV 
radiation can be detected. This depends mainly on the altitude 
of the observer, the atmospheric ozone content-, and the 
measuring equipment. As m decreases, the irradiance increases
ATMOSPHERIC AEROSOL
The term atmospheric aerosol refers to the particles sus­
pended in the atmosphere, e.g. water droplets, dust. Those 
particles in the size range 100-1,000 nm have the greatest 
effect on daylight. The aerosol is found mainly below 30 km 
altitude, and 80% o f it is in the lowest 5 km of the atmosphere. 
It is probable that much of the change from day to day in 
UV radiation is due to changes in the aerosol. An overall 
increase in the particle concentration will produce a pro­
portional decrease in direct sunlight al all wavelengths, but 
an increase in the proportion of small particles will cause an
F ig u r e  6.
Proportions relatives des facteurs contribuant 
4 la densite optique de l ’atmosphere.
F ig u r e  6.
R elative proportions o f  factors contributing 
to  the optical density o f  the atmosphere.
B il d  6 . .. ..
R elatives Verhaltnis der Faktoren,
die zu der atmospharischen Extinction beitragen.
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— Aerosol Scattering 
-•  Total Extinction
.. Rayleigh Scattering
1.50 H
0.75
800300 550
Wavelength (nm)
388
Figure 7.
La variation du “U V  ratio” et “Short U V  ratio’ 
avec la masse de l ’air (m).
Figure 7.
The variation o f  “UV  ratio” and “Short U V  ratio 
with air mass (m).
Bild 7.
D ie Veranderung des “UV- verhaltnisses” 
und des “kurz U V - verhaltnisses” 
m it der Luftmasse (m).
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Figure 8.
La variation de la “longueur d ’onde minimum” 
avec la m asse de l ’air.
Figure 8.
The variation o f  the “minimum wavelength” 
with air mass.
Bild 8.
D ie Varanderung der “minimalen WellenlSnge” 
mit der Luftm asse.
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riOURE*. 0 .15-1
L ’effet de l ’absorption de l ’ozone  
sur le “Short U V  ratio”.
Figure 9.
The effect o f  ozone absorption 
on the “Short U V  ratio”.
Bild 9.
D ie Wirkung der Ozonabsorption 
au f das “kurz UV- verhaltnis”.
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increased attenuation of the shorter wavelengths. The pre­
sence of the aerosol produces an increase in the scattered 
radiation (skylight) although most of the energy is scattered 
in the forward direction; typically the aerosol scattering varies 
as l/>.. No measurements of the atmospheric aerosol have 
been made at the University of Surrey, though it could be 
estimated from the visibility at ground level.
CLOUDS
From the foregoing remarks it is obvious that clouds have 
an important effect on the spectral power distribution of 
daylight. It is difficult to formulate a simple description of 
cloud in the sky, and its optical properties [1]. Two extreme 
cases are most easily discussed,
(i) very little cloud, say <  4/10;
(ii) 9-10/10 thick cloud with the sun obscured.
The recent measurements indicate that for South facing 
spectra 10/10 cloud produces a marked increase in the UV 
ratio compared with the cloudless sky; on one occasion a 
50% increase was recorded when the sun was obscured by a 
thick could. In general, the UV ratios for North and South 
facing spectra with 10/10 cloud agree to within 3%; North 
facing spectra from a cloudless sky without direct sunlight 
have an even higher UV content. Another interesting observa­
tion is that hazy sunshine (South facing spectra) produces a 
very low UV ratio. These results confirm the observations of 
Bener [9], that diffusion of radiation is predominant in thin 
clouds, whereas extinction predominates in thicker clouds. 
Thin clouds will produce an effect similar to “ordinary” haze 
(aerosol), where the extinction decreases at longer wavelengths, 
producing a lower UV content. The effect of thick clouds on 
visible radiation is readily observed, and it is probable that 
the shorter wavelengths are attenuated less than the visible 
wavelengths. This, together with the “mixing” in of blue sky 
by the clouds, will produce a higher UV content.
I ; ' i
0 0.3 0.6
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RESULTS FOR USE IN ENGINEERING PRACTICE
The work of Winch [6] and others [1, 7], whose results 
have been confirmed by more recent measurements [10, 11], 
indicated that there might be a higher proportion of UV 
radiation in daylight than is indicated by the CIE figures.. 
The results of our 1971 series did so. These results (as men­
tioned above) have been,, incorporated with the 1974 series 
and classified by correlated colour temperature in the same 
way. The mean result for the 150-160 North facing mired 
range is shown in figure 10 and table 1, together with D 65 and 
Winch’s results for a similar group, and it will be seen that 
our results are higher than D 65 by about 15% in the range 
300-400 nm. The agreement over the visible range is good and 
for the most part the differences of the various workers’ curves 
can be attributed to the different methods employed to sample 
the spectrum.
For engineering purposes it is necessary to have some agreed 
formulation of the spectral power distribution of daylight and 
over, the visible region this is adequately provided by the 
family of “D 65” curves. These curves may well be slightly in 
error but this is o f little consequence for engineering purposes. 
If, for example, one is concerned with colour specification 
relating to coloured surfaces, the fact that most surfaces have 
rather non-selective spectral reflectance curves means that 
small errors can be safely tolerated. In the UV region, however, 
where we are often concerned with biological effects which are 
only activated by radiation in certain narrow wavebands (e.g. 
erythema), it is important that we have full confidence in any 
figures put forward.
Before any formulation is put forward the question “Is 
daylight the same everywhere?” must be answered. Studies of 
daylight have been made in many parts of the world [12, 13], 
and as far as the visible region is concerned the answer to this 
question is clearly. “Yves”. But as far as the UV region is 
concerned more caution is needed in view of the greater bearing 
of atmospheric factors on the UV content. The table below 
shows the UV ratios recorded by various workers at various 
places.
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Figure 10.
Repartition spectrale moyenne 
pour le groupe 150-160 mired 
compare avec celui de Winch 
et D 5S.
Figure 10.
Mean spectral power distribution 
for the 150-160 mired group 
compared with that o f Winch 
and D 65.
Bild 10.
Durchschnittliclie spektrale 
Strahlungsverteilung der 150-160 
mired Gruppe verglichen 
mit der von Winch und D as.
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Table 1. Numerical values for the spectral power 
distributions shown in figure 10 7. (nm) Winch Tarrant
7.(nm) De* Winch Tarrant
300 0.03 1.3 0.2
310 3.3 12:6 8.1
320 20.2 37.2 24.8
330 37.1 63.0 44.4
340 40.0 64.4 45.1
350 45.0 63.1 49.9
360 46.7 63.0 49.2
370 52.2 77.6 59.0
380 50.0 72.8 56.6
390 54.7 74.2 55.9
400 82.8 98.0 81.8
410 91.6 103.2 94.9
420 93.5 105.0 96.4
430 86.8 89.2 89.5
440 104.9 105.3 104.4
450 117.1 T19.4 113.2
460 117.8 119.8 116.6
470 114.9 116.8 114.0
480 115.9 120.8 115.9
490 108.8 110.3 108.5
500 109.4 110.0 109.6
510 107.8 108.4 108.7
520 104.9 101.8 102.8
530 107.7 105.6 105.7
540 104.4 103.0 104.7
550 104.0 102.6 104.0
560 100.0 100.0 100.0
570 96.4 97.7 96.9
580 95.7 97.2 96.8
590 88.6 93.2 91.5
600 90.0 91.5 93.1
620 87.6 89.8 90.5
610 89.6 92.5 92.4
630 83.3 86.5 86.9
640 83.7 85.2 88.2
650 80.0' 82.2 84.2
660 80.2 78.8 84.0
670 82.2 81.9 85.7
680 78.3 78.6 83.1
690 69.7 69.4 68.8
700 71.6 70.4 75.5
Correlated colour temperature (K)
Location 5500 6500 7500
Sastn 0) Delhi 0.0865 0.1052 0.1190
Judd C1) —  ■ 0.0637 0.0912 0.1151
Henderson London — 0.0993 —
Winch Pretoria, S.A. 0.0820 0.1236 "0.1509
Tarrant London 0.0743 0.0978(2) —
(J) “Reconstituted” 
{') 6,300 K.
day light.
It will be noted that all of these workers report higher UV 
ratios than that of D 65, and that there are noticeable differences 
between them, except for the results o f Henderson and the 
current authors — but their two locations were only a few 
miles apart. It is the opinion of the authors that the mean UV
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place and that a simple formulation of ;t is not likely to be 
adequate for all purposes. For those purposes where a simple 
formulation is adequate, the CIE curves appear to be about 
10% too low in the UV region. In our opinion, it is not worth 
altering the CIE figures, provided that their limitations are 
recognised.
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The use of the optical range spectrum radiation in technological processes 
G. S. Sarichev, J. A. Bukhanov, G. N. Gavrilkina, S. C. Ashurkov, L' B. Prikupecz (USSR)
RESUME
Sur la base de 1’etude de la consommation d’energie, on montre l’avantage des procedes photochimiques sur les methodes 
traditionnelles (thermiques, par exemple) d’action sur les substances. On discute les aspects qui influent la rentabilite du procede 
photochimique, a savoir la sensibilite et la repartition spectrale de meme que la mise au point d’une source effective d’emission. 
Sont cit^s des exemples de la realisation industrielle des procedes utiiisant remission optique.
SUMMARY
On the basis of study of power consumption, an advantage of photochemical processes over the traditional (thermal for 
instance) methods on influence on the materials has been demonstrated. The methods o f task solution, namely the spectral 
sensitivity of a process, the redistribution of the radiation and the development of an efficient source of radiation, that determine 
the profitability of a photochemical process have been discussed. Some examples of the industrial realization of the processes 
using an optical radiator have been given.
ZUSAMMENFASSUNG
Auf Grund der Betrachtung vom energetischen Aufwand wird ein Vorteil von photochemischen Vorgangen im Vergleich 
mit den traditionellen (zum Beispiel, thermischen) Methoden,die den StofFbeeinflussen, gezeigt. Es werden Methoden zur Losung 
der Fragen diskutiert, die die Rentabilitat eines photochemischen Vorgangs bestimmen die spektrale Empfindlichkeit eines 
Vorgangs, die Verteilung der Strahlung und das Schafien einer effektiven Strahlungsquelle. Es werden Beispiele fur die 
industrielle Realisierung fur Vorgange unter Verwendung von optischer Strahlung angefiihrt.
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APPENDIX C
Mean SPDs o f  10 m i r e d  g r o u p s
T a b l e  C l
M e a n  S P D  o f  1 6 0  ~ 1 7 0  m i r e d  g r o u p ,  s o u t h - f a c i n g  ( 1 9 7 4 )
A D(A) A D(A)
300 0 .  2 5 2 0 1 0 0 .  8
310 5 . 8 5 3 0 104 . 1
320 1 7 . 7 540 1 0 4 . 2
330 3 4 . 0 5 5 0 104 . 0
340 3 7 . 2 560 1 0 0 . 0  -
350 4 0 . 5 570 9 7 . 8
360 4 1 . 3 ' 580 97 . 6
370 4 9 . 6 5 9 0 9 4 . 1
380 4 7 . 9 600 9 4 . 1
390 4 8 . 0  . 610 9 2 . 0
4 0 0 7 1 . 6 620 8 9 . 9
410 8 4 . 9 630 8 7 . 4
4 2 0 8 7 . 1 640 8 8 . 6
430 8 2 . 7 650 8 6 . 3
4 4 0 97 . 3 660 84 . 6
450 1 0 6 . 3 670 8 6 . 8
4 6 0 1 1 0 . 8 680 8 4 . 8
470 1 0 9 .  1 690 7 2 . 8
4 8 0 1 1 2 . 0 700 7 8 . 9
490 1 0 4 . 8
500 1 0 6 . 6 X 0 . 3 2 1 8
510 1 0 6 .  6 y 0 . 3 3 6 0
A i s  t h e  w a v e l e n g t h ,  i n  nm
D(A)  i s  t h e  r e l a t i v e  p o w e r  p e r  10 nm w a v e b a n d
T a b l e  C2
M e a n  S PD  o f  1 7 0  -  1 8 0  m i r e d  g r o u p *  s o u t h - f a c i n g  ( 1 9 7 4 )
X D(A) X D(A)
300 0 . 2 520 9 8 . 9
* 310 6 . 0 530 1 0 3 . 0
320 1 6 . 8 5 40 1 0 3 . 4
330 3 1 . 4 550 1 0 3 . 5
340 3 4 . 1 560 1 0 0 . 0
3 5 0 3 7 . 2 570 9 8 . 4
360 3 8 . 3 580 9 8 . 6
370 4 6 . 2 590 9 5 . 2
380 4 5 . 0 600 9 5 . 7 ’
390 4 5 . 5 610 9 4 . 0
400 6 8 . 1 620 9 1 .  9
4 1 0 8 0 .  9 630 8 9 . 7
4 2 0 8 3 . 6 640 9 0 . 6
430 7 9 . 3 . 650 8 7 . 9
440 9 3 . 6 660 8 6 . 1
‘ 4 5 0 1 0 2 . 6 670 8 8 . 2
4 60 1 0 6 .  9 680 8 6 . 6
47 0 1 0 5 . 7 690 7 5 . 0
480 1 0 8 . 9 700 8 0 . 6
590 1 0 2 . 1
500 1 0 4 . 2 X 0 . 3 2 6 6
510 104 . 4 y 0 . 3 3 9 3  .
A i s  t h e  w a v e l e n g t h ,  i n  nm
D ( A )  i s  t h e  r e l a t i v e  p o w e r  p e r  1 0  nm w a v e b a n d
T a b l e  C3
M e a n  S PD o f  1 8 0  -  1 9 0  m i r e d  g r o u p ,  s o u t h - f a c i n g  ( 1 9 7 4 )
X D(A) A D(A) t
300 0 . 2 520 9 7 . 4
310 4 . 8 530 1 0 1 . 6
320 1 4 . 4 540 1 0 2 . 5
330 2 7 . 1 550 103 . 0
340 3 0 . 1 560 1 0 0 . 0
350 3 2 . 6 570 9 8 . 4
3 60 * . 3 4 . 2 580 9 9 . 2
370 4 1 . 2 590 9 5 . 4
380 4 0 . 2 600 9 6 . 5
390 41 . 4 610 9 5 . 2
400 6 2 . 4 . 620 9 3 . 2
410 7 4 . 9 630 9 1 . 0
420 7 7 . 3 640 1 9 2 . 4
430 7 4 . 7 650 8 9 . 4
440 8 8 . 7 660 8 8 . 1
450 9 7 . 1 670 9 0 . 6
460 102 .1 680 8 8 . 9
470 101 .4 690 7 6 . 6
480 1 0 5 . 2 700 8 2 . 6
490 9 9 . 4
500 1 0 1 . 4 X 0 . 3 3 1 7
510 1 0 2 . 1 y 0 . 3 4 4 2
A i s  t h e  w a v e l e n g t h ,  i n  nm
D ( A )  i s  t h e  r e l a t i v e  p o w e r  p e r  1 0  n m w a v e b a n d
T a b l e  C4
M e a n  S P D  o f  1 5 0  -  1 6 0  m i r e d  g r o u p ,  n o r t h - f a c i n g  ( 1 9 7 1 )
A D ( A ) . A
c
D ( A )
300 0 . 2 520 1 0 2 . 8
310 8 . 1 530 1 0 5 . 7
320 24 .8 540 1 0 4 . 7
330 4 4 . 4 550 1 0 4 . 0
340 4 5 . 1 560 1 0 0 . 0
350 . 4 9 . 9 570 9 6 . 9
360 - 4 9 . 2 580 . 96. 8,
370 5 9 . 0 590 9 1 . 5
380 5 6 . 6 600 9 3 . 1
390 5 5 . 9 610 9 2 . 4
400 8 1 . 8 620 9 0 . 5
410 9 4 . 9 630 8 6 . 9
420 9 6 . 4 640 8 8 . 2
430 8 9 . 5 650 84 .2
440 104 .4 660 84 . 0
450 1 1 3 . 2 670 8 5 . 7
460 1 1 6 . 6 680 8 3 . 1
470 1 1 4 . 0 690 6 8 . 8
480 1 1 5 . 9 700 7 5 . 5
490 1 0 8 . 4
500 1 0 9 . 6 X 0 . 3 1 6 3
510 1 0 8 . 7 y 0 . 3 2 9 3
A i s  t h e  w a v e l e n g t h ,  i n  nm
D( . A)  i s  t h e  r e l a t i v e  p o w e r  p e r  1 0  nm w a v e b a n d
T a b l e  C5
M e a n  S P D  o f  1 6 0  -  1 . 7 0  m i r e d  g r o u p ,  n o r t h - f a c i n g  ( 1 9 7 1 )
X D(X) . X D(X)
. 300 0 . 1 520 1 0 0 .  1
310 6 . 2 530 1 0 4 . 2
320 2 0 . 8 540 1 0 3 . 7
330 3 8 . 9 55 0 1 0 3 . 7
340 3 9 . 7 560 1 0 0 . 0
350 4 4 . 4 570 9 6 . 8
360 4 3 . 7 580 9 7 . 1
370 5 2 . 8 590 9 1 . 7
380 5 0 . 8 600 9 3 . 9
390 5 0 . 2 610 9 2 . 9
400 7 4 . 1 620 9 0 . 9
410 8 6 . 9 630 8 7 . 2
420 8 8 . 3 640 8 8 . 9
430 8 3 . 9 650 8 4 . 7
. 440 9 8 . 2 660 84 .9
450 1 0 6 . 2 670 8 7 . 0
460 1 1 0 . 6 680 8 5 . 0
470 1 0 8 . 6 690 68 .8
480 1 1 1 . 4 700 7 6 . 1
490 10 4 . 4
500 106 .4 x 0 . 3 2 1 4
510 1 0 6 . 3 y 0 . 3 3 5 1
X is- t h e  w a v e l e n g t h ,  i n  nm
D ( X )  i f  t h e  r e l a t i v e  p o w e r  p e r  1 0  nm w a v e b a n d
T a b l e  C6
M e a n  S PD o f  1 6 0  -  1 7 0  m i r e d  g r o u p ,  s o u t h - f a c i n g  ( 1 9 7 1 )
A D(A) A D(A)
300 0 . 1 520 9 9 . 8 '
310 6 . 5 530 103 .8
320 2 1 . 2 540 1 0 3 . 4
330 3 8 . 3 550 1 0 3 . 5
340 39 .  1 560 1 0 0 . 0
350 4 3 . 5 570 9 7 . 1
360 4 3 . 2 580 9 7 . 6
370 5 2 . 1 590 92 . 2
380 5 0 . 5 600 9 4 . 9
390 5 0 . 1 610 9 4 . 3
400 7 3 . 8 620 9 2 . 5
410 8 6 . 7 630 8 8 . 8
4 20 8 8 . 9 640 9 0 . 0
430 8 3 . 8 650 . 8 5 . 5
440 9 8 . 6 660 8 6 . 1
450 106 .  9 670 8 8 . 0
460 1 1 1 . 0 680 8 6 . 2
470 1 0 8 . 7 690 7 0 . 4
480 1 1 1 . 0 700 7 7 . 4
490 1 0 3 . 8
500 1 0 5 . 8 X 0 . 3 2 2 6
510 1 0 5 . 7 y 0 . 3 3 4 5
A i s  t h e  wa v e l e n g t h . ,  i n  nm
D(_A) i s  t h e  r e l a t i v e  p o w e r  p e r  1 0  n m w a v e b a n d
T a b l e  C7
M e a n  S PD o f  1 7 0  1 8 0  m i r e d  g r o u p ,  n o r t h - f a c i n g  ( 1 9 7 1 )
A D(A) A 0(A)
300 0 . 0 520 9 8 . 1
310 5 . 6 530 1 0 2 . 5
320 1 8 . 7 540 1 0 2 . 7
330 3 4 . 9 550 1 0 3 . 1
340 3 5 . 6 5 60 10 0 . 0
350 ' 3 9 . 6 570 9 7 . 0
-  3 60 3 9 . 4 580 9 7 . 6
370 4 7 . 7 . 590 9 2 . 0
380 4 6 . 6 600 94 . 7
390 4 5 . 9 610 9 3 . 2
400 6 7 . 3 620 9 1 . 3
410 79 . 6 630 8 7 . 7
420 8 1 . 6 640 8 9 . 2
430 77 . 6 650 8 5 . 0
440 9 1 . 4 660 8 5 . 6
450 9 9 . 3 670 8 7 . 4
460 104 .4 680 8 5 . 8
470 1 0 3 . 3 690 6 9 . 9
480 1 0 6 . 7 . 700 7 7 . 0
490 1 0 0 . 1
500 1 0 3 . 1 X 0 . 3 2 7 0
510 1 0 3 . 5 y 0 . 3 4 1 3
A i s  t h e  w a v e l e n g t h ,  i n  nm
D(A) i s  t h e  r e l a t i v e  power per  10 nm waveband
T a b l e  C8
M e a n  S P D  o f  1 7 0  -  1 8 0  m i r e d  g r o u p ,  s o u t h - f a c i n g  ( 1 9 7 1 )
A D(A) A D(A)
300 0 . 1 520 9 9 . 5
310 7 . 1 530 1 0 2 . 9
320 1 8 . 6 540 1 0 2 . 8
330 31 .  9 550 1 0 3 . 1
340 3 3 . 1 5 60 1 0 0 . 0
350 3 7 . 0 570 9 7 . 9
360 . 37 .8 580 9 8 . 7
370 4 5 . 6 590 9 3 . 7
380 4 5 . 0 600 9 5 . 4
390 4 6 . 1 610 9 3 . 4
400 67 . 8 620 9 1 . 7
410 7 9 . 7 630 8 8 . 5
420 8 3 . 3 640 8 9 . 3
430 77 .1 650 ‘ 8 5 . 3
440 9 1 . 2 660 8 5 . 6
450 1 0 1 . 5 670 8 6 . 5
460 1 0 5 . 6 680 8 4 . 1
470 104 . 9 690 7 1 . 0
480 1 0 7 . 7 700 7 6 . 5
490 1 0 2 . 3
500 104 . 0 X 0 . 3 2 6 6
510 1 0 3 . 8 y . 0 . 3 4 0 8
A i s  t h e  w a v e l e n g t h ,  in.  nm
D ( A )  i s  t h e  r e l a t i v e  p o w e r  p e r  1 0  nm w a v e b a n d
T a b l e  C9
M e a n  S P D  o f  1 . 9 0  ~  2 0 0  m i r e d  g r o u p ,  s o u t h - f a c i n g  ( 1 9 7 1 )
A D(A) A PC A) °
300 0 . 2 520 9 4 . 6
310 5 . 7 530 9 9 . 8
320 1 3 . 4 540 10 0 .  8
330 23 . 0 550 1 0 1 . 8
340 2 3 . 8 560 1 0 0 . 0
350 2 7 . 4 570 9 9 . 3
360 - 2 8 . 2 580 1 0 0 . 7
„ 370 • 3 4 . 9 , 590 9 7 . 0
380 3 5 . 1 600 99 . 0
390 3 5 . 7 610 9 7 . 8
4 00 5 4 . 0 620 9 6 . 7
410 6 4 . 6 630 9 4 . 6
4 20 6 7 . 9  ' 640 9 5 . 6
430 6 5 . 1 650 9 3 . 3
440 7 8 . 8 660 9 3 . 1
450 8 7 . 5 670 9 4 . 8
460 9 3 . 0 680 9 3 . 4
470 9 3 . 8 690 80 .  7
480 9 8 . 4 700 8 6 . 7
490 9 3 . 4
500 9 7 . 4 X 0 . 3 4 2 4
510 9 8 . 8 y 0 . 3 5 4 0
A i s  t h e  w a v e l e n g t h ,  i n  nm
D ( A )  i ' s  t h e  r e l a t i v e  p o w e r  p e r  1 0  nm w a v e b a n d
